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SUMMARY 


After  discussing  the  fundamental  processes  which  constitute  liquid 
fuel  (heterogeneous)  combustion  a number  of  techniques  for  the  suppression 
of  combustion  generated  air  pollution  are  reviewed.  In  accordance  with  the 
need  for  new  combustor  concepts  which  is  identified,  a laboratory  scale  Blue 
Flame  Burner  (BFB)  was  designed  and  constructed  which  utilises  a Coanda  ejector 
to  generate  the  internal  recirculation  of  flame  products  to  the  spray  formation 
region.  Blue  flame  (soot  free)  conditions  prevail  in  which  the  droplet  wake 
mode  of  combustion  is  obtained.  Experimental  testing  reveals  that  NO 
emissions  for  this  device  are  very  low  under  fuel  rich  conditions.  Such 
operation  of  the  BFB  as  the  initial  stage  of  a two  stage  configuration  which 
uses  interstage  heat  removal  to  inhibit  further  temperature  rise  should  control 
NO  emissions  and  burn  out  the  CO  and  hydrocarbons  formed  in  the  first  stage. 
Conceivable  applications  for  this  type  of  conf iguration  could  lie  in  the 
small  to  intcriTU'i i ate  sized  boiler  range. 

A general  analysis  for  a steady  state  heterogeneous  Well  Stirred  Reactor 
(WSR)  is  presented  in  which  fuel  evaporation,  turbulent  fixing  and  finite  rate 
chemical  kinetics  are  treated.  A mathematical  model  for  the  BFB  featuring  a 
17  step  quasi  global  reaction  mechanism,  recirculation  an."^  a reactor  network 
containing  2 WSR's  is  thus  derived;  a general  modular  computer  program 
suitable  for  parametric  evaluations  was  developed  to  facilitate  this  type  of 
modelling.  Convergence  of  the  model  solution  scheme  could  be  obtained  for 
fuel  lean  and  stoichiometric  conditions  only.  Reasonably  good  agreement 
between  measured  and  predicted  values  of  BFB  exit  flow  temperature,  NO  and  CO 
pollutant  emissions  is  apparent. 

An  on-line  digital  computer  technique  for  aut ocorrclating  hot  wire 
anemometer  signals  to  measure  turbulence  length  scales  is  described,  a method 
of  correcting  such  data  tor  the  system  time  resolution  error  is  also  supplied. 
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BFB 

Blue  flame  burner. 

CLA 

Chemiluminescent  gas  analyser. 
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Initial  size  distribution. 

PFR 

Plug  flow  reactor. 
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Perfectly  stirred  reactor. 
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Root  mean  square. 

SMD 

Sauter  mean  diameter. 

NTP 

Normal  temperature  and  pressure. 

WSR 
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CltAPTER  1. 


INTRODUCTION 


At  the  present  time,  approximately  80  - 902  of  the  various  fuels  employed 
in  energy  conversion  processes  are  either  of  the  liquid  or  solid  type,  this 
then  explains  why  an  increasing  amount  of  combustion  research  is  being  directed 
at  two  phase  flow  systems.  The  minimisation  of  air  pollution  generated  by 
practical  liquid  fuelled  combustors  constitutes  the  subject  of  this  study,  with 
the  mathematical  modelling  of  such  devices  from  a pollution  standpoint  playing 
an  important  role. 

The  next  Chapter  introduces  the  subject  more  comprehensively  and  sets  out 
broad  objectives  for  this  project,  whilst  Chapter  3 defines  these  objectives 
more  fully  in  relation  to  a laboratory  scale  combustor.  Chapter  4 provides  the 
basic  theory  needed  for  the  establishment  of  a model  for  this  device,  which  is 
given  in  Chapter  7.  Chapters  5 and  6 are  concerned  with  various  experimental 
measurements  on  the  laboratory  combustor  and  a comparison  between  model  predict- 
ions and  these  measurements  are  made  in  Chapter  8.  Conclusions  drawn  from  the 
study,  plus  recommendations  for  future  work,  are  finally  discussed  in  Chapter  9. 


CHAl’TER  2. 


V u: 


HETEROGENEOUS  COMBUSTION  AND  POLLUTION 


2 . 1 Foreword . 

Having  brieily  introduced  the  overall  area  of  research  with  which  this  study 
is  concerned  it  is  convenient  to  identify  three  important  aspects  of  two  phase 
combustion;  these  are  a)  its  actual  mechanics,  b)  associated  air  pollution,  and 
c)  mathematical  modelling.  The  function  of  this  chapter  is  the  introduction  of 
each  of  these  in  greater  depth,  pertinent  literature  also  being  reviewed.  As 
will  be  seen,  much  of  this  literature  concerns  the  gas  turbine  device;  this  is 
due  to  the  widespread  attention  which  this  combustor  has  received  in  response 
to  increasingly  demanding  design  requirements. 

2.2  The  Combustion  Process. 

At  this  stage  it  is  convenient  to  distinguish  between  homogeneous  and 
heterogeneous  combustion  with  respect  to  this  study.  The  former  denotes  combustion 
of  gaseous  i.e.  single-phase  reactants  whilst  the  latter  is  defined  as  two  phase 
combustion  between  gaseous  phase  oxidant  and  liquid  phase  fuel.  The  exact 
mechanism  of  such  heterogeneous  combustion  is  naturally  extremely  complex, 
involving  simultaneous  heat,  mass  and  momentum  transfer  throughout  chemically 
reacting,  two-phase,  three-dimensional  flow  fields  which  in  addition  are  invariably 
highly  turbulent.  It  is  then,  perhaps  not  too  surprising  that  relatively  little 
work  has  been  done  on  the  subject,  even  though  combustion  research  has  intrigued 
and  captivated  scientists  for  more  than  5000  years. 

In  any  combustion  process  fuel  and  oxidant  (usually  air)  are  mixed  together 
on  a molecular  scale,  they  then  react  to  liberate  some  of  the  chemical  energy  of 
the  fuel  as  heat;  this  thermal  energy  is  then  either  employed  directly,  or 
converted  to  a third  type  before  being  exploited  to  do  some  sort  of  work.  In 
the  case  of  c,a rbonaCeous  luels  soots  are  formed  by  the  chemical  reaction  under  some 
conditions,  in  addition  a broad  spectiuiii  of  liundreds  of  gaseous  species  may  be 


formed  as  combustion  products,  depending  on  fuel  molecular  weight  and  again 
prevailing  conditions. 

Liquid  fuels  then  have  to  be  vapourised  into  the  gaseous  phase  and  intimately 
mixed  with  the  oxidant  before  homogeneous  chemical  decomposition  via  numerous 
possible  reactions,  which  constitute  the  flame  phenomenon,  can  ensue.  Now  such  a 
fuel  may  either  be  completely  evaporated  and  subsequently  mixed  with  oxidant  in  a 
predetermined  proportion  before  reaching  the  flame  reaction  zone,  alternatively 
the  two  components  may  be  injected  separately  into  the  flame,  fuel  being  admitted 
via  an  atomising  device.  Evaporation,  mixing  and  chemical  reaction  then  proceed 
simultaneously,  although  sequentially,  in  this  case.  The  first  type  of  flame 
is  referred  to  as  premixed  and  the  second,  as  a diffusion  flame,  since  the  overall 
combustion  rate  is  controlled  by  diffusion  i.e.  a mixing  process.  Practical 
flames  are  usually  of  the  latter  type  although  combinations  of  the  two  do  arise. 

Reactants  are  fed  to  and  combustion  occurs  within  a constraining  combustion 
chamber,  throughout  which  spatial  variations  of  local  species  velocities,  concen- 
trations and  temperatures  completely  characterise  the  combustion;  these  variables 
are  largely  determined  by  the  prevalent  flow  pattern,  which  is  usually  a strong 
function  of  operating  conditions  and  combustor  geometry. 

The  flow  pattern  may  be  characteristically,  1-,  2-  or  3-dimensional  with 
corresponding  increasing  complexity  from  a fluid  mechanics  point  of  view,  an 
additional  aerodynamic  complexity  is  provided  by  the  fact  that  practical  combustor 
flows  encountered  are  invariably  highly  turbulent.  An  excellent  introduction  to 
turbulence  theory  is  provided  by  Hinze  (1)  and  the  subject  will  be  further 
discussed  in  2.2(c). 

The  governing  fluid  mechanics  relations  for  any  flow  pattern  are  the  Navier 
Stokes  equations  which  are  analytically  relatively  simple  but  conversely  extremely 
difficult  to  solve,  due  to  their  non-linearity,  even  without  including  chemical 
reaction  and  two  phase  effects.  Hence  comparatively  few  solutions  have  been 
obtained  trr  these  equations.  Species  mixing  rates  throu, bout  the  flowfield  of 
.1  combustor  operating  at  fixed  volume  ar.d  piessui.j,  predoiiTnauL ly  depend  on  local 
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transport  properties  which  are  a function  largely  of  local  velocities  and  temper- 
atures, species  chemical  reaction  rates  though  are  mainly  sensitive  to  local 
concentrations  and  temperatures. 

Fig. 2.1  (after  Poll  (2)  ) is  included  at  this  point  to  illustrate  the  inter- 
relation between  the  principal  physical  and  chemical  processes  occurring  throughout 
a heterogeneous  combusting  flow  field.  Major  links  between  two  processes  are 
represented  by  double  lines  and  the  flow  is  considered  to  be  subsonic,  i.e.  no 
direct  influence  of  bulk  flow  on  the  gas  phase  temperature.  The  diagram  again 
shows  the  complexity  of  two  phase  combustion,  it  should  be  emphasised  that  it 
represents  a simplification  of  the  overall  process  but  certain  major  interactions 
are  evident.  The  four  important  processes  of  atomisation,  evaporation,  mixing 
and  chemical  reaction  will  now  be  treated  separately  in  more  detail. 

2.2(a)  Atomisation. 

For  two  phase  diffusion  flames,  the  first  process  which  must  be  achieved  is 
that  of  fuel  atomisation.  Before  evaporation  can  proceed  the  liquid  fuel  must 
be  injected  into  the  combustor  via  an  atomising  device  and  rapidly  disintegrated 
into  a spray  of  preferably  very  small  droplets;  the  resulting  drops  are  then 
projected  and  dispersed  - usually  in  a preferred  direction.  A spray  of  very  fine 
droplets  burns  in  much  the  same  way  as  a gaseous  fuel  so  that  local  fuel/air 
distributions  can  be  controlled  relatively  easily,  in  practice  a cloud  of 
thousands  of  droplets  is  formed  whose  size  varies  widely  and  may  lie  in  the  range 
1 - 500  microns.  The  drops  produced  in  the  immediate  vicinity  of  the  atomiser 
are  collectively  referred  to  as  the  "initial  spray"  and  their  size  diminishes  in 
flight.  Droplets  are  virtually  always  assumed  to  be  of  the  same  shape,  i.e. 
spherical . 

Atomisers  are  continuously  supplied  with  liquid  fuel  and  liquid  disintegration 
usually  occurs  in  stages,  each  stage  is  essentially  a vibratory  process  so  that  the 
cloud  of  droplets  enters  the  flame  intermittently.  For  most  atomisers  a liquid 
sheet  of  decreasing  thickness  extends  from  the  atomiser  until  tlie  sheet  thickness 
IS  of  the  order  of  the  largest  drop  .size,  unstable  threads  of  liquid  may  also  be 


iornied  as  part  of  the  sheet.  The  drops  by  themselves  may  be  unstable,  i.e. 
they  may  shatter  or  coalesce,  the  instability  of  sheets  and  drops  is  discussed  by 
Eisenklam  (3)  but  as  yet  no  infomiation  exists  concerning  the  possible  effect  of 
gaseous  phase  turbulence  on  such  instabilities.  It  appears  that  the  relative 

velocity  between  the  droplet  and  gaseous  phase  is  one  of  the  more  important 
variables  affecting  the  existence  of  shatter  or  coalescence.  Surface  tension 
forces  within  the  drop  tend  to  resist  the  deformation  which  results  from  the 
influence  of  external  dynamic  forces.  The  actual  balance  of  these  forces  is 
influenced  by  the  liquid  viscosity,  surface  tension  and  density  and  this  explains 
the  influence  of  fuel  physical  properties  on  tne  atomisation  process.  The  gaseous 
phase  flow  pattern  in  the  atomiser  vicinity  can  also  be  appreciated  as  having  a 
considerable  effect  on  this  force  balance. 

The  principal  characteristic  of  any  atomiser  is  the  initial  droplet  size 
distribution  produced,  this  is  invariably  a function  of  the  atomiser  type  and  size, 
as  well  as  the  pressure  differential  experienced  by  the  fluid,  (or  fluids  in  the 
case  of  a multi  fluid  atomizer).  This  characteristic  is  extremely  important  since, 
coupled  with:  i)  droplet  location,  ii)  vapourisation  rates  and  iii)  mixing  rates, 

it  determines  combustor  fuel/air  distributions  which  significantly  affect  the  overall 
system  performance  and  stability  limits, 
which  may  be  calculated  for  a spray  with 

1)  Average  Diameter  = 

2)  Mean  Diameter  = 

3)  Mean  Volume  Diameter  = 

4)  Mean  Surface  Diameter  = 


There  are  five  average  or  mean  diameters 
a known  drop  size  distribution,  these  are: 

2 n^D/n^  (2.1) 

f 

n^D^/  V n^.D  (2.2) 

^ V 
Z/t ) 

^ \ n D^/  \ n D^  ^ ....  (2.4) 


5) 


Sauter  Mean  Diameter 


(2.5) 


The  most  frequently  used  mean  size  is  the  Sauter  Mean  Diameter  (SMD)  because  of  its 
importance  in  mass  transfer  calculations;  a droplet  with  diameter  equal  to  the  SMD 
has  the  same  surface  area  to  volume  ratio  as  the  entire  spray.  Various  empirical 
correlations  have  been  developed  for  prediction  of  a mean  diameter  for  specific 
atomising  devices,  because  of  the  number  of  variables  influencing  such  expressions 
they  are  naturally  expensive  to  determine  and  highly  specific  as  already  mentioned. 
Extensive  use  of  droplet  means  for  representing  entire  sprays  has  been  made  by 
combustion  researchers,  however,  the  practice  is  considered  extremely  inaccurate 
due  to  (i)  the  two  orders  of  magnitude  of  drop  size  which  are  possible,  (ii)  the 
fact  that  small  droplets  behave  in  a very  different  way  to  large  droplets  in  a 
combustor  environment  (iii)  there  being  no  indication  of  the  distribution  of  drop 
sizes. 

A number  of  mathematical  functions  have  been  developed  for  describing  size 
distributions  in  order  to  incorporate  droplet  spray  effects  into  heterogeneous 
combustion  models.  Mugele  and  Evans  (4)  have  discussed  a number  of  such  distribution 
functions  of  which  the  Rosin-Ramraler  (5)  expression  was  one  of  the  earliest,  it  was 
originally  developed  for  application  to  powdered  materials,  in  cumulative  volume  form 
this  function  is: 

R = 100  (2.6) 


where 


percentage  of  spray  by  volume  whose  diameter  is  greater 
than  a given  diameter  x. 


X = droplet  diameter,  microns, 

x = a size  parameter,  microns. 

n = an  exponent  which  is  a distribution  parameter. 

It  can  be  seen  that  this  distribution  function  has  two  fit  parameters. 

Mugele  and  Evans  also  describe  the  Nukiyama  and  Tanasawa,  Log  Probability  and  Upper 
Limit  distribution  functions.  The  Upper  Limit  expression  utilises  a third  fit 
parameter  to  provide  a cut-off  at  the  spray  maximum  drop  size  present,  it  is  based 
on  the  differential  equation  of  the  Normal  or  Gaussian  distrinution. 

Atomisers  an  conveniently  be  classified  according  to  the  primary  source  of 
energy  which  is  employed  to  obtain  liqiiid  di sintegi ation,  a tiiof  description  of 
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1 

various  devices  is  now  presented.  Relations  applicable  to  each  device  are  also 
included. 


The  Pressure  Jet  Atomiser  utilises  fuel  pressure  energy  for  sheet  disintegration 
to  usually  produce  a conical  spray;  liquid  fuel  is  tangentially  injected  into  a 
conical  chamber  upstream  of  the  exit  orifice  so  that  a swirling  spray  motion  is 
induced.  ^Vn  example  is  showTi  diagrammatically  in  Fig.2.2(i).  The  spray  may  be 
hollow  and  have  an  appreciable  cone  angle  within  which  contacting  with  a recircul- 
ating gas  flow  may  be  acl.ieved.  Alternatively  the  conical  spray  may  be  of  the 
narrow  angle  type  and  have  no  real  gaseous  core.  The  pressure  jet  atomiser  was 
one  of  the  earliest  fuel  injection  devices  to  be  developed  and  usually  produces  a 
wide  distribution  of  drop  sizes,  this  is  an  inherent  disadvantage  from  a combustion 
performance  standpoint  if  significant  numbers  of  large  drops  are  formed. 

The  basic  single  orifice  pressure  jet  atomiser  design  is  frequently  referred  to 
as  a simplex  type,  modification  to  this  basic  design  in  the  form  of  spill,  duplex, 
variable  port  and  multiple  orifice  varieties  have  also  been  made  for  handling  larger 
fuel  flow  ranges.  From  the  equation  of  conservation  of  energy  it  follows  that, 
over  a wide  range  r:  pressures,  the  liquid  flow  rate  is  proportional  to  the  square 
root  of  ti!c  pressure  drop  across  the  atomiser;  the  proportionality  has  been  termed 
"Flow  Number"  and  is  usually  given  in  dimensionally  inconsistent  units: 


,,,  V-  , T.  Flow-rate  (gallons  per  hour) 

Flow  Number  = F = — 


(2.7 


/Pressure  differential  across  orifice  (psi) 


Flow-rate  (gallons  per  hour) 

■V 

for  an  atemiser  injecting  fuel  at  psi  into  a combustion  chamber  operating  at 

atmospheric  pressure.  High  injection  pressures  generally  produce  small  droplets 

although  little  effect  on  drop  size  is  observed  as  Pj.  is  increased  above  about  200  psi. 

Bowen  and  Joyce  (6)  obtained  a convenient  set  of  empirical  correlations  for  the 

pressure  jet  atomiser  which  predict  the  two  Rosin  Ra.mraler  fit  parameters  as  a function 

1 

of  for  0.5  ^ F ^ 4.0  gals/hr(psi) ^ . Ttiey  were  obtained  by  the  so-called 
"substitute  method"  whereby  tlie  fuel  properties  are  siiiiulated  by  wax  which  is  sprayed 
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as  a liquid  and  solidifies  in  transit  through  a cool  atmosphere.  The 
particulate  end  product  can  then  be  conveniently  analysed  for  size  by  sieving. 

The  correlations  derived  are  discussed  in  4.3.  Watkins  (7)  formulated  an 
expression  for  calculating  SMD  that  is  applicable  to  both  simplex  and  dual  orifice 
nozzles : 


SMD 


490  N 


0,215 


-0.442 

P 


^0.209 


(2.8) 


where,  W. 


P 


total  fuel  flowrate,  Ib/hr. 

3 

density,  Ib/ft  . 

kinematic  viscosity,  centistokes. 

mass  weighted  pressure  differential,  psid 


. > AP  . + 
pri  pri £ 


sec  sec 


2 

\ 


■J 


For  pressure  jet  atomisers  an  expression  for  V,  the  initial  velocity  with 
which  the  drops  are  projected  into  the  flame  from  the  atomiser  sheet,  is  included 
in  the  interests  of  completeness: 


V 


C 

V 


(2.9) 


This  crude  expression  assumes  that  all  droplets  have  the  same  initial  velocity  and 
that  the  sheet  velocity  is  constant  in  the  direction  of  flow.  The  discharge 
coefficient  C in  practice  is  not  a constant  but  a function  of  exit  orifice  diameter 

V 

and  P^-.  At  present  no  refinements  to  this  method  exist  which  can  account  for 
three  dimensional  and  gaseous  phase  turbulence  effects.  However,  it  is  possible 
to  compute  droplet  trajectories  for  two-dimensional  flows.  Fig. 2. 3 shows  the 
results  of  one  such  set  of  calculations  (due  to  Mellor  (12))  for  a range  of  drop 
sizes . 

The  Rotary  Atomiser  invariably  consists  of  a spinning  cup  into  which  the 
liquid  is  introduced  on  the  inside  surface  near  the  axis,  this  results  in  a liquid 
sheet  flowing  inside  the  cup  and  leaving  at  the  periphary.  The  centrifugal  energy 
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thus  imparted  to  the  fluid  is  exploited  to  shatter  the  sheet,  it  can  be  shown  (3) 
that  it  is  essential  for  the  operating  conditions  to  be  such  that  the  fluid  at  the 
rim  of  the  cup  is  in  the  form  of  a sheet  (not  as  threads) , in  order  to  ensure  fine 
atomisation.  Macfarlane  (8)  presents  characteristics  for  an  atomiser  of  this  type. 

Twin  Fluid  Atomisers  maxc  use  of  a secondary  fluid,  e.g.  steam  or  part  of  the 
combustion  air,  to  impinge  on  the  liquid  sheet  in  order  to  employ  the  secondary 
fluid  kinetic  energy  for: 

a)  promoting  disintegration 

b)  controllii  g the  spray  angle 

c)  cooling  and  cleaning  the  inject:)r. 

The  point  of  impingement  may  be  either  within  or  external  to  the  atomiser, 
Fig.2.2(ii)  portrays  an  example  of  the  latter  type.  Secondary  fluid  may  be 
introduced  at  low,  medium  or  high  pressure  but  an  optimum  flowrate  in  terms  of 
atomisation  efficiency  exists.  This  class  of  atomiser  has  become  widely  favoured 
due  to  the  fact  that  it  is  capable  of  producing  inherently  fine  sprays.  Felton 
and  Swithenbank  (9)  have  examined  the  characteristics  of  an  air-blast  atomiser 
with  respect  to  gas  turbine  stability.  Steam  may  also  be  usefully  employed  as  a 
secondary  fluid.  Design  of  twin  fluid  atomisers  also  follows  empirical  lines 
since  little  is  known  of  the  aerodynamic  behaviour  of  gas  streams  as  they  impact 
on  mobile  liquid  surfaces.  A typical  expression  for  calculating  spray  SMD  for 
an  air  blast  atomiser  is  (7): 


SMD 


27779  N 


0.215 


0.651 


\ -0 . 884  / 


(2.10) 


where , 

V = 


w + w, 

a f 

air  flowrate,  Ib/hr. 
air  velocity,  ft/scc, 


An  alternative  more  com.plicated  expression  f('r  an  internal  impingement  air  blast 
atsign  is  given  by  Kisenklam.  (3),  see  alS’  Hunter  et  al  (lu)-  It  is  important  to 


stress  the  fact  that  these  correlations  apply  for  specific  atomiser  geometries, 
further,  no  such  correlations  exist  at  present  which  enable  prediction  of  size 
distribution  data. 

Other  types  of  atomiser  which  may  be  used  in  combustion  systems  include 
Ultrasonic  and  Hartmann  whistle  devices,  these  exploit  vibration  and  acoustic 
effects  respectively.  Fig.2.2(iii)  shows  an  ultrasonic  design  in  which  a piezo- 
electric crystal  is  electrically  excited  to  oscillate  at  40  kHz  in  order  to  shatter 
fuel  into  small  drops.  A "jet  whistle"  device  is  shown  in  Fig.2.2(iv),  a small 
convergent-divergent  nozzle  is  featured,  this  accelerates  a central  air  stream  to 
supersonic  speeds  (M  - 1.5).  A standing  shock  wave  is  thus  induced  when  the  flow 
impinges  on  an  integral  bluff  body  located  at  a distance  X/4  (X  = wavelength  of 
flow  oscillations)  from  the  nozzle.  The  fuel  is  therefore  forced  to  flow  through 
very  large  velocity  gradients  across  the  shock  wave  and  an  extremely  fine  spray 
(mean  diameter  = 10-20p)  is  formed.  Fig.2.2(iv)  shows  the  direction  in  which  the 
atomised  fuel  leaves  this  twin  fluid  type  atomiser,  it  is  important  to  ensure 
that  the  spray  droplets  do  not  contact  the  combustor  walls  or  quenching  difficulties 
may  arise.  Locklin  and  Bolt  (94)  describe  other  similar  acoustic  atomisers. 
Vapouriser  tubes  are  sometimes  employed  instead  of  an  atomiser,  these  produce  fuel 
droplets  plus  a little  fuel  vapour  partly  premixed  with  air. 

Very  little  work  has  been  done  on  the  evaluation  of  atomisation  times  under 
combustion  conditions,  they  are  generally  accepted  as  being  small  and  of  the  order 
of  0.1  milliseconds.  The  most  important  characteristic  for  any  atomiser  is  the 
spray  initial  size  distribution,  actual  measurement  of  this  parameter  is  discussed 
in  5.7. 

2.2(b)  Evaporation. 

Evaporation  is  the  important  heterogeneous  combustion  process  describing 
mass-transfer  from  the  liquid  phase  to  the  bulk  gaseous  phase.  As  stated  previously 
the  rate  of  transfer  is  directly  proportional  to  the  ini.erfacial  contact  area  so 
that,  for  a monosize  spray,  it  has  a maximuin  value  lor  the  smallest  droplet  diameter. 
Clearly  high  evaporation  rates  are  required  for  either  hip.h  intensity  or  complete 
combustion . 
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Fuel  injected  into  a combustor  is  usually  cold  so  that  droplets  must  undergo 
heating  until  they  reach  their  boiling  point  before  they  can  be  vapourised  by 
supply  of  their  latent  heat  of  vapourisation.  Hence,  evaporation  is  essentially 
a transient  heat-transfer  controlled  process.  Prakash  and  Sirignano  (11) 
suggest  that  through  a droplet's  lifetime  a gas-phase  laminar  boundary  layer 
exists  which  gives  rise  to  a shear  on  the  droplet  surface,  hence  a liquid-phare 
viscouj  boundary  layer  exists,  consequently  recirculating  motion  within  the  drop- 
let is  induced.  Calculations  show  that  the  characteristic  time  for  recirculation 
is  usually  less  than  the  droplet  lifetime,  but  not  by  several  orders  of  magnitude, 
so  that  this  internal  motion  and  convection  of  heat  from  the  surface  to  the 
interior  could  very  likely  be  the  most  important  mechanism  for  droplet  heating. 

For  a multi-component  fuel  internal  motion  will  then  continually  bring  the  more 
volatile  fractions  from  the  interior  of  the  droplet  to  the  vicinity  of  the  surface, 
where  they  may  diffuse  to  the  actual  surface  and  vapourise.  The  least  volatile 
fractions  will  vapourise  last,  if  the  droplet  residence  time  is  insufficient  to 
permit  evaporation  of  these  components  then  they  will  probably  "crack"  to  form 
lower  hydrocarbons  or  soots.  High  molecular  weight  multicomponent  fuels  are  in 
fact  more  susceptible  to  such  liquid  phase  decomposition  reactions. 

Very  small  droplets  are  rapidly  heated  and  vapourised  whereas  the  heating 
and  vapourisation  processes  are  far  slower  for  larger  drops,  hence,  for  a spray  of 
droplets  in  which  a large  range  of  droplets  exists  it  can  be  appreciated  that  the 
net  evaporation  rate  is  largely  controlled  by  the  fraction  present  and  vapourisation 
rate  of  the  larger  drops.  Hence  the  proportion  of  fuel  evaporated  initially 
increases  with  time  and  later  slows  down,  the  spray  mean  drop  size  also  increases 
during  evaporation  and  overall  combustion,  even  though  all  droplet  diameters  diminish 
with  time. 

In  considering  droplet  trajectories  under  combustion  conditions  it  is  usual 
to  assume  that  all  droplets  possess  the  sane  injection  velocity  for  any  given  fuel 
atomiser.  Mellor  (12)  concluded  from  his  investigations  of  droplet  velocities  in 
a spcay  that  not  all  droplets  move  witii  the  same  velocity,  in  fact  the  initial 
velocity  of  the  droplets  increases  with  diameter.  At  droplet  sizes  above  about 
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lOOu  all  droplets  tend  to  move  at  the  same  velocity  for  any  atomiser  injection 
pressure.  Hence,  the  error  in  assuming  that  all  droplets  possess  the  same 
initial  velocity  is  likely  to  be  small  in  view  of  the  fact  that  the  overall  rate 
of  evaporation  from  a spray  is  largely  controlled  by  the  larger  drops.  The 
momentum  of  larger  drops  is  far  greater  than  the  smaller  droplets  and  they  usually 
continue  on  a trajectory  relatively  undeterred  by  the  local  gas  flow  but  deter- 
mined by  the  atoniser  spray  angle,  on  the  other  hand  the  smaller  droplets  follow 
the  gas  streamline  more  or  less  completely.  It  is  interesting  to  note  that  for 
relatively  non- luminous  flames  it  is  sometimes  possible  to  actually  observe  the 
trajectories  of  tne  larger  drops  by  shining  a powerful  light  source  into  the  spray 
zone.  Cisenklam  (3),  Mellor  (12)  and  Hunter  et  al  (10)  present  details  of  drop- 
let trajectory  calculations  for  various  sized  droplets,  see  also  Fig. 2. 3.  Now 
local  gas  velocities  Vg(0)  in  the  spray  region  depend  primarily  on  the  prevalent 
flow  pattern  and  hence  the  combustor  geometry.  Clearly  a relative  velocity 
Vj^^^(t)  exists  between  the  gaseous  phase  and  the  evaporating  droplets,  which  will 
rarely  be  constant  but  a function  of  distance  from  the  fuel  injector  and  hence  a 
function  of  time.  The  initial  relative  velocity  between  the  gaseous  flow 

and  the  liquid  droplets  may  be  expressed: 

Vj^ei(O)  = - Vg(0)  (2.11) 

where  Vg(0)  is  the  atomiser  droplet  velocity  which,  as  previously  explained,  is 
assumed  the  same  for  all  drops  in  the  spray  when  they  leave  the  fuel  injector. 

This  initial  velocity  is  very  dependent  on  the  type  of  fuel  injector  and  is 
naturally  much  greater  for  an  air  assist  atomiser,  for  example,  than  a pressure 
jet  atomiser.  It  is  clear  then  that  can  be  positive  or  negative, 

depending  on  the  atomiser/f low  pattern  configuration.  also  dependent 

on  orifice  size  for  the  two  types  of  atomiser  just  mentioned,  and  is  reduced  for 
small  orifice  diameter. 

Since  a relative  velocity  exists  between  the  gas  stieam  and  each  droplet, 
viscous  drag  forces  exist  which  will  either  acceletate  or  letard  the  droplet 
depending  on  wliich  of  the  two  velocities  ii*  laigest  at  at  y instant  in  time. 
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In  a subsequent  section  it  will  be  shown  that  the  drag  forces,  which  act  to 
reduce  the  gas-droplet  relative  velocity,  have  a large  influence  on  evaporation 
rate  and  are  i)  a function  of  Reynolds  number  ii)  inversely  proportional  to  drop- 
let diameter.  Hence,  small  droplets  rapidly  assume  the  local  gas  velocity  whereas 
larger  drops  tend  to  retain  their  own  velocity  relative  to  the  gas  stream.  Gaseous 
phase  turbulent  velocity  fluctuations  will  clearly  affect  also. 

Having  introduced  the  concept  of  relative  velocity  between  the  two  phases  it 
is  now  convenient  to  distinguish  between  the  two  modes  of  combustion  possible  for 
an  evaporating  fuel  droplet  in  a typical  combustor  environment.  These  are 
a)  droplet  diffusion  flames  and  b)  droplet  Wake  flames.  Under  completely  stagnant 
conditions  an  evaporating  spherical  drop  is  concentrically  surrounded  by  a fuel 
vapour  film,  this  is  bounded  by  a thin  flame  zone,  where  fuel  vapour  and  oxidant 
combine,  the  vapour  plus  flame  region  being  referred  to  as  the  Reaction  Zone. 

This  type  of  combustion  is  known  as  a Diffusion  flame  since  the  overall  rate  of 
combustion  is  diffusion  controlled.  If  the  relative  velocity  between  the 
surrounding  gaseous  phase  and  the  droplet  is  increased,  as  under  natural  convection 
conditions,  the  reaction  zone  distorts  as  shown  in  Fig. 2. 5(b).  When  is 

increased  further,  as  under  forced  convection  conditions,  distortion  of  the 
reaction  zone  increases.  Fig. 2. 5(c),  (d) . Assuming  > Vg  then  the  reaction 
zone  is  now  entirely  in  the  forward  half  of  the  drop,  where  due  to  gaseous  flow 
over  the  droplet  surface,  a low  pressure  region  of  recirculating  flow  is  created, 
and  heat  transfer  rates  are  high  in  this  region.  Under  these  conditions  some 


r or  all  of  the  vapourised  fuel  bums  in  the  wake  of  the  droplet  and  a degree  of 

premixing  with  gaseous  oxidant  due  possibly  to  entrainment  into  this  low  pressure 
region  prior  to  combustion,  is  possible.  This  mode  of  combustion  is  suitably 
referred  to  as  a Wake  flame,  if  the  relative  velocity  is  increased  still  further 
the  wake  flame  is  extinguished  when  a critical  velocity  is  reached,  this  is  the 
I Extinction  Velocity,  Sj'dgren  (13).  Diffusion  flames  are  characteristically 

yellow  due  to  the  soots  which  are  always  formed,  the  reaction  zone  is  at  high 
temperature  due  to  the  fact  that  fuel  ‘.'apout  and  soot  coiiil,  ne  in  locally 


stoichiometric  proportions.  There  exists  a minimum  droplet  diameter, 
approximately  5 microns  (p) , below  which  a single  droplet  cannot  support  its  own 
individual  diffusion  flame,  (14),  it  is  widely  appreciated  that  combustion  of  very 
small  droplets  resembles  homogeneous  combustion.  When  the  flame  adjacent  to  the 
droplet  is  completely  blown  off  then  the  vapourised  fuel  can  almost  completely  mix 
with  oxidant  before  near-homogeneous  combustion  occurs  in  a flame  zone  away  from 
the  evaporating  droplets.  For  convenience  this  form  of  combustion  is  also 
referred  to  as  a Wake  flame  - due  to  the  fact  that  premixing  occurs  in  both  forms. 
Wake  flames  are  therefore  blue  and  relatively  non  luminous,  this  type  of  combustion 
is  frequently  referred  to  as  Blue  Flame  Combustion. 

Naturally  if  V„  > V , as  is  frequently  the  case  for  fuel  injectors  in  gas 
b G 

turbine  combustors,  then  the  low  pressure  wake  region  is  situated  behind,  instead 
of  in  front  of,  the  droplet.  Due  to  velocity  fluctuations,  the  effect  of  turbu- 
lence on  reaction  zone  shape  is  to  cause  a continuous  wrinkling  and  irregular  motion 
of  the  zone  boundary,  Ohta  et  al  (16).  Such  velocity  fluctuations  also  tend  to 
reduce  the  mean  value  of  the  extinction  velocity.  Emmons  (17)  has  pointed  out 
that  at  relative  velocities  between  that  corresponding  to  Fig. 2. 5(d)  and  actual 
extinction,  the  wake  flame  may  re-attach  itself  to  the  forward  droplet  surface. 

SjBgren  (13)  demonstrated  that  the  critical  extinction  velocity  required  to 
force  a transition  from  diffusion  to  wake  flame  burning  is  a strong  function  of  the 
local  oxygen  concentration.  He  used  wicks  which  were  continuously  fed  with  fuel 
to  simulate  droplet  combustion.  Fig. 2. 4 shows  the  results  which  were  obtained, 
the  most  remarkable  feature  of  which  was  the  fact  that  the  extinction  velocity 
falls  to  zero  when  the  oxygen  concentration  is  diluted  to  14-16%  with  nitrogen, 
i.e.  effectively  combustion  gases.  This  means  that,  for  an  unspecified  fuel,  it 
is  impossible  for  droplet  diffusion  flames  to  exist  at  this  oxygen  concentration 
since  a relative  velocity  between  an  evaporating  droplet  and  the  surrounding 
gaseous  phase  will  always  occur.  SjBgren  also  investigated  the  effect  of  using 
carbon  dioxide  as  diluent,  in  addition,  he  fo;  r.d  that  the  extinction  velocity  was 
proportional  to  the  square  root  of  tin  vid'  di  a'-etor . 
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There  are  three  basic  mechanisms  of  heat  transfer  which  may  be  responsible 
for  droplet  heating  under  flame  conditions,  these  are: 

1.  Convective  transfer.  This  is  a function  of  droplet  diameter, 

and  gaseous  phase  temperature:  convective  heat  transfer 

expressions  will  be  discussed  a little  later. 

2.  Conductive  transfer.  This  form  of  heat  transfer  occurs  through 
the  vapour  film  surrounding  a diffusion  type  flame.  Rate  of 
transfer  may  be  given  by  (15): 
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A(T^^^^^=  film  coefficient  of  conduction. 

film  temperature  ==  (T  + T ) 
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= mass  size  fraction  of  spray  with  diameter  d. 

Radiative  transfer.  It  may  be  shown  (14)  that  radiative  heat  transfer 
from  the  flame  is  inadequate  to  heat  the  droplets  to  give  the  required 
vapourisation,  especially  under  blue  flame  conditions.  It  is  largely 
a function  of  gaseous  temperature , gas  emissivity  and  droplet  surface 
area.  Rate  of  transfer  may  be  expressed  (16): 
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where,  for  black-body  radiation  to  the  drops  and  a view  factor  (F,,)  = 1 

V 

(no  drop/drop  interference  assumed): 

F.^,.  e . a = 1.355  x 10~^^  W/m\^  Ref.  (2) 

The  flue  dynamic  processes  of  turbulent  mixing  and  recirculation  also  influence 
droplet  heating  rates. 

Most  of  Che  research  on  droplet  combustion  has  been  devoted  to  studies  of  the 
combustion  of  stationary  isolated  single  droplets  since  it  is  generally  held  to  be 
a precursor  to  the  description  of  more  complex  spray  combustion.  Such  research 
has  usually  treated  the  overall  process  of  lUoplet  coubustion  lather  than  considering 


the  evaporation  process  separately,  in  doing  so  a very  crude  chemical  reaction 
model  is  incorporated  due  to  analytical  complexity.  The  calculation  of  evapor- 
ation rates  for  single  drops  is  discussed  in  some  detail  in  4,4. 

In  practical  heterogeneous  combustion  systems  an  atomising  device  is 
normally  used  to  derive  a spray  of  droplets  of  characteristic  initial  size 
distribution  for  a given  device,  see  section  2.2(a).  Evaporation  from  sprays 
is  much  more  complex  than  single  droplet  evaporation  since  spatial  distributions 
of  both  phases  and  droplet  collision  processes  have  to  be  considered.  Local 
temperatures  in  a spray  are  additionally  affected  by  such  spatial  distributions. 

It  has  been  shovm  above  that  droplet  dynamic  effects  and  evaporation  rates  are 
very  dependent  on  droplet  diameter  and  size  distribution  functions  are  necessary 
for  describing  sprays.  Nuruzzaman  et  al  (36)  employed  a model  based  on  a Rosin- 
Rammler  distribution  function  to  calculate  the  relative  charge  in  combustion 
efficiency  in  a turbojet  with  oxygen  content,  they  concluded  that  the  use  of  mean 
drop  sizes  in  such  considerations  was  inadequate.  For  a review  of  theories 
which  have  been  evolved  for  spray  combustion  under  rocket  chamber  conditions  see 
the  excellent  general  droplet  combust. .on  review  of  Williams  (20). 

2.2(c)  Mixing. 

Before  vapourised  fuel  and  oxidant  gaseous  species  can  chemically  react 
the  respective  molecules,  which  are  initially  separate,  must  be  brought  together 
in  close  contact,  the  physical  process  is  designated  mixing  and  possesses  a finite 
rate.  High  mixing  rates  in  heterogeneous  combustion  are  sought  in  order  to 
maximise  combustion  performance.  The  process  is  important  under  combustion 
conditions  since  it  is  usually  the  rate-limiting  step,  it  is  also  one  of  the  most 
difficult  processes  to  mathematically  characterise  since  it  is  beyond  the  present 
scope  of  science  to  compute  the  motion  of  individual  molecules. 

Species  mixing  is  a strong  function  of  gaseous  phase  fluid  mechanics  and 
molecular  diffusion,  which  both  result  in  spatial  variation  of  local  gaseous 
transport  properties,  hence  it  is  also  intimately  related  to  combustor  flow  pattern. 


Turbulent  fluid  motion,  which  is  undesirable  in  ducted  flows  due  to  the  high  assoc- 
iated pressure  drop,  is  extremely  desirable  from  a combustion  standpoint  since  its 
irregular  random  nature  tends  to  give  very  high  mixing  rates,  in  fact  virtually  all 
flames  of  technological  importance  are  turbulent.  A turbulent  flow  is  classically 
regarded  as  being  composed  of  a large  number  of  distinct  fluid  masses,  or  eddies, 
which  are  each  small  and  fluctuate  randomly,  their  motion  being  superimposed  on  the 
mean  flow  of  the  fluid.  Because  of  the  random  nature  of  turbulence  statistical 
expressions  are  employed  to  describe  it,  it  can  also  be  deduced  (1)  that  transport 
of  a transferable  quantity  by  such  random  fluid  motion  is  diffusive  in  nature; 
for  an  introduction  and  comprehensive  treatment  of  turbulent  behaviour  refer  to 
Hinze  (1).  It  can  be  shown  (38)  that  the  energy  spectrum,  intensity  and  scale 
are  the  most  important  turbulence  parameters  with  respect  to  mixing.  The 
turbulence  intensity  is  defined  as  the  ratio  of  the  root-mean-square  value  of  the 
fluctuation  to  the  flow  mean  velocity,  and  is  usually  in  the  range  0.1 ->-0.4  for 
practical  flows. 

When  viscous  streams  of  different  velocity  impinge  a shear  flow  is  produced 
where  predominantly  large  eddies  are  formed  which  then  interact  inertially  to  give 
a complete  size  range  of  eddies,  each  of  defined  wave  number  k at  any  instant  in 
time  t,  where: 


2Tfn 

U 


(2.14) 


and  n = eddy  frequency  (°=  (eddy  size)  ) 

U = mean  flow  velocity. 

Hence  an  energy  spectrum  E(k,t)  can  be  envisaged  for  any  turbulent  flow.  Fig. 2. 6 
illustrates  the  general  form  of  such  a spectrum;  it  can  be  shown  (38)  that  the 
area  under  the  curve  is  equal  to  the  kinetic  energy  of  turbulence,  and  that  the 
maximum  possible  value  of  the  area  can  be  calculated  from  an  energy  balance  across 
the  turbulence  generation  system.  The  smallest  eddies  present,  which  possess  the 
highest  frequencies  and  wave  numbers,  are  frequently  referred  to  as  dissipation 
eddies  since  they  viscously  dissipate  the  turbulence  to  heat  (the  effect  on  actual 
gas  temperature  is  negligible  though).  This  range  of  eddies  actually  mix  on  the 
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molecular  scale,  their  size  is  two  or  three  orders  of  magnitude  greater  than  the 
molecular  mean  free  path  and  varies  inversely  with  U.  A limit  to  this  trend  is 
imposed  by  the  fluid  viscosity  and,  as  for  any  fluid-dynamic  process,  the  nature  of 
the  flow  is  determined  by  the  ratio  between  the  inertial  and  viscous  forces,  i.e. 
the  Reynolds  number.  Energy  is  transferred  to  these  dissipation  eddies  from  the 
larger  eddies  by  means  of  a continuous  flux  through  the  wavenumber  rangt-,  dissi- 
pation increasing  simultaneously.  The  size  of  the  largest  eddies  i:-  initially  of 
the  order  of  the  dimension  of  the  turbulence  generator  ^nd  alth  u,,r  i.  , and 

transfer  of  energy  to,  smaller  eddies  progressively  occurs  the  reir...,r.ir  . latgrsi 
eddies  can  grow  in  size  until  they  are  of  the  order  of  the  distarrr  ;;,o 

flowfield  constraining  boundaries.  It  is  interesting  to  note  tt.ar  > t ;'.t 

largest  eddies  which  have  the  maximum  kinetic  energy  but  the  i-ddit;.- 
higher  wavenumber  range  as  Fig. 2. 6 shows,  this  wave  number  range  ii  rei.rreo  t-  as 
the  "energy  containing  eddies".  An  intermediate  range  also  exists,  uie  inert. al 
eddies,  where  the  decay  process  is  relatively  slow;  the  high  wave  number  eddies 
are  independent  of  the  external  conditions  producing  the  forces  which  generate  the 
initial  largest  eddies.  For  a discussion  of  the  properties  of  and  defining 
functions  for  E(k,t)  refer  to  (1),  (38)  discusses  the  effects  of  temperature  and 
pressure  on  the  energy  spectrum. 

It  is  convenient  to  distinguish  between  two  types  of  fluid  mixing;  these  are 
the  molecular  scale  (or  micro-)  mixing,  which,  as  just  mentioned,  governs  the  actual 
species  chemical  reaction,  and  large  scale  (or  macro-)  mixing  which  leads  to  mean 
concentration  of  species. 

It  can  be  appreciated  then,  that  in  order  to  fully  describe  mixing  effects, 
a detailed  knowledge  of  transport  processes  throughout  the  combustor  flowfield  is 
demanded,  which  in  turn  implies  use  of  the  Navier-Stokes  equations  governing  the 
fluid  dynamics  for  turbulent,  unsteady  and  possibly  3-dimensional  flow.  This 
system  of  equations  cannot  be  solved  at  present.  However,  Spalding  et  al  (39) 
have  developed  an  approach  for  2-dimensional,  steady  state  recirculating  flows 
which  treat  turbulent  flows  as  though  they  were  laminar  ones  with  transport 
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properties  which  vary  from  place  to  place.  Such  a How  is  considered  to  have 
"effective"  values  for  viscosity,  thermal  conductivity  and  diffusion  coefficient, 
which  are  all  spatial  functions.  Spalding  et  al  discuss  various  methods  of 
specifying  these  effective  values  including  Prandtl's  so  called  mixing  length 
hypothesis  which  asserts  that  the  effective  viscosity  is  a function  of; 

i)  local  fluid  density, 

ii)  a "mixing  length", 

iii)  the  normal  velocity  gradient. 

The  mixing  length  was  considered  as  being  more  easily  estimated,  and  perhaps 
amenable  to  more  satisfactory  description  by  an  additional  differential  equation. 

The  overall  technique  used  will  be  further  discussed  in  Section  2.6(b). 

Harsha  (40)  developed  a general  method  for  analysing  turbulent  mixing  phenomena 
that  was  limited  to  free,  i.e.  unconfined,  flows.  The  mixing  field  was  assumed  to 
exist  in  a constant  pressure  environment  remote  from  walls  and  to  be  due  to  the 
i.ateraction  of  two  streams  only.  These  two  approaches  are  both  dependent  on 
empirical  input  information,  which  is  considered  to  be  unsatisfactory,  although  both 
obtained  reasonable  results.  Much  expertise  needs  to  be  gained  before  the  analysis 
of  three  dimensional  turbulent  mixing  effects  can  be  approached  with  confidence. 

Three  other  types  of  technique,  which  are  mainly  concerned  with  describing 
micro-mixing  processes,  will  now  be  considered,  the  feature  that  they  have  in 
common  is  the  fact  that  local  shear  stresses,  velocities  and  transport  properties 
are  not  evaluated.  They  all  therefore  require  considerably  less  effort  to  predict 
the  same  effects  but  have  enjoyed  varying  degrees  of  success. 

The  first  such  approach  involves  the  use  of  an  assumed  homogeneous  fuel 
distribution  pattern  within  a given  flowfield.  Heywood  (41)  applied  the  technique 
to  predict  pollutant  emissions  and  employed  an  assumed  Gaussian  distribution  of 
fuel/air  equivalence  ratio,  thus  he  only  treated  macro-mixing  effects.  Gouldin 
(42)  formulated  a similar  approach  to  treat  micro-mixing  phenomena.  Both  of  these 
analyses,  however,  are  non-f undameiital  in  that  they  require  experimental  inform- 
ation to  set  a "ground"  value  for  a mixing  parameter. 
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The  third  class  of  mixing  theory  has  been  termed  deterministic  since  such 
analyses  seek  to  derive  turbulence  decay  expressions  from  turbulence  theory  and 
combustor  geometry.  An  introduction  to  this  type  of  model  is  provided  by  Poll  (2) 
and  Rosenweig  (44).  The  decay  of  instantaneous  fluctuations  in  a scalar  quantity, 
such  as  concentration  or  temperature,  about  its  mean  value  is  related  to  the 
turbulence  field  through  the  micro-scale  at  high  Reynolds  numbers.  The  determin- 
ation and  properties  of  turbulence  scales  is  elaborated  in  Chapter  6.  For 
stationary  isotropic  turbulence,  in  which  the  statistical  features  have  no  direct- 
ional preference,  Rosenweig  obtained  an  expression  for  scalar  dissipation  by 
means  of  the  scalar  energy  spectrum  function  E^Ck): 


-V  -^/ 

E (k)  = c . e e '3  k 3 

s s 


(2.15) 


where , 


c = a constant. 


e = turbulent  kinetic  energy  dissipatiun. 
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(2.16) 


where 


b = fluctuation  of  scalar  quantity  (e.g.  concentration  or 
temperature)  about  its  mean. 


L = scalar  microscale, 
s 

Wlien  combined  with  a conservation  equation  for  the  scalar  quantity  over  an 
elemental  volume  of  the  flowfield  the  above  two  relations  yield,  for  the  character- 


istic decay  time  t : 
■’  m 
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(2.17) 


i.e.  a function  of  turbulence  parameters  only. 

Swithenbank  (35,38,45)  also  utilised  isotropic  turbulence  dissipation  functions 
to  develop  a deterministic  approach  in  which  the  microscales  are  further  related' to 
the  available  energy  for  turbulence  geueiation,  and  ccimbustor  geometry.  In 
combustion  systems  this  energy  results  from  the  pressure  loss  across  the  turbulence 


generator.  An  outline  of  the  method  used  is  j^iven  below. 
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since  velocity  and  concentration  fluctuations  decay  simultaneously  (Reynolds 
Analogy),  it  is  first  hypotherized  that  the  degree  of  mixing  achieved  is  equal  to 
the  degree  of  turbulent  dissipation,  within  any  given  flow  system.  An  energy 
balance  is  now  performed  (45) : 


Pressure  drop  across 
baffle  or  other  type 
of  stabiliser  i.e. 
turbulence  generator. 


Energy  "held" 
in  flow 

velocity  profile. 


Turbulence 

kinetic 

energy. 


Dissipation 

energy. 


Algebraically: 


KE 


^ + 3 (^)2 
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(2.18) 


where 


dynamic  head 


I 


For  a typical  baffle  the  terms  in  (2.18)  are  plotted  as  a function  of  non-dimensional 
distance  from  the  baffle,  Fig. 2. 7.  A characteristic  dissipation  time  is  now 
postulated,  note  that  Dissipation  and  not  Diffusion  is  the  process  concerned: 


C* 


(2.19) 


max 


where , 


C* 

I 

e 

a' 

max 


a constant  (estimated  by  Swithenbank  to  be  of  the  order  unity), 
mean  size  of  the  energy-containing  eddies  = 0.2 X (38). 
maximum  value  of  the  r.m.s.  turbulent  velocity  fluctuations. 


For  a constant  mean  velocity  system  the  characteristic  stay  time  is  given  by 

= = 


where. 


Hence , 


system  length 
= 10  X (Fig. 2. 7). 
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T = 50  (^  ) 

U max 


(2.21) 


The  factor  is  termed  unmixcdness  since  high  values  of  this  parameter  indicate 
bl) 

good  mixing,  or  sttrring,  and  vice  versa.  The  flow  energy  bnK'ince  (2.18)  can 
then  be  combined  with  equation  (2.21)  to  elirainaie  the  maximum  turbulence  intensity 


21 


term  which,  although  a function  of  system  geometry  is  difficult  to  determine  to 


This  mixing  parameter  is  particularly  applicable  to  the  partially-mixed  reactor 
theory  originally  formulated  by  Vulis  (A6),  as  will  be  demonstrated  in  Section 


2.6(a). 


The  testing  of  these  various  theories  for  mixing  by  experimental  means  is 
extremely  difficult  for  heterogeneous  combustion  because  of  the  obvious  difficulty 
in  isolating  the  mixing  process.  For  homogeneous  combustion  tracer  tests  may  be 
performed  by  injecting  an  inert  compound,  such  as  He  or  Ar,  into  the  combustor  and 
analysing  local  combustion  gases  at  points  downstream  from  where  the  tracer  was 
injected.  The  method  is  subject  to  sampling  errors  although  useful  information 
can  be  gained  under  carefully  controlled  conditions. 

2.2(d)  Chemical  Reaction. 

Chemical  Reaction  is  arguably  the  most  fundamental  of  the  processes  which 
constitute  a flame  since: 


i)  it  is  the  step  responsible  for  the  actual  heat  release  i.e. 
conversion  of  fuel  chemical  energy  into  thermal  energy, 

ii)  it  is  the  process  whereby  oxidation  of  the  fuel  vapour  actually 
generates  the  many  "new"  chemical  species,  referred  to  collectively 
as  combustion  products, 

iii)  it  takes  place  in  the  gaseous  phase  and  is  common  to  both  single 
and  two-phase  combustion. 


The  chemical  decomposition  of  the  fuel  takes  place  by  a number  of  individual  steps, 
or  reactions,  each  of  which  may  be  exothermic  or  endothermic  and  each  of  which 
involve  molecular  rearrangement  but  conservation  of  mass.  The  number  of  different 
reactions  and  species  involved  increases  rapidly  with  fuel  molecular  weight,  and 
particulate  material  (soots)  as  well  as  gaseous  products  may  result  under  certain 
conditions.  The  complexity  of  the  situation  is  also  liawpeied  by  the  fact  that, 
even  for  hydrocarbon  fuels  of  moderate  molecular  weight,  man"  of  the  initial 
reactions  between  fuel  and  oxidant  are  not  known  with  an\  certainty.  The  succeeding 


reactions  are  however  well  known  and  for  any  hydrocarbon  fuel  the  final  products, 
under  complete  combustion  conditions,  are  predominantly  water  vapour  and  carbon 
dioxide . 

Each  chemical  reaction  may  proceed  in  a forward  and  a backward  direction 
and  the  characteristic  "kinetic  rate"  of  the  forward  reaction  may  be  generally 
expressed,  for  a bimolecular  reaction  as: 


a A + b B 


4.  • 

J 

b. 
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c C 


Forward  reaction  rate  = f. 
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d D 


(2.23) 
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Similar  for  uni-  and  ter-raolecular 
classes  of  reaction 


where,  [ ] 


f . 
J 


denotes  concentration  of  species  A,  B,  C,  D and 

a,  b,  c,  d are  the  corresponding  species  stoichiometric 

coef f icients . 

forward  reaction  rate  "constant" 

Aj  exp  (-  E./RT)  (2.24) 


A similar  expression  can  be  written  for  the  reverse  reaction  and  it  should  be  noted 
chat  a)  f^  is  not  a true  constant,  b)  the  overall  rate  is  very  sensitive  to  both 
reactant  concentration  and  temperature,  c)  the  rate  is  independent  of  any  species 
velocity  terms.  When  a sufficiently  large  amount  of  time  is  available  dynamic 
equilibrium  prevails  in  which  the  forward  anJ  backward  rates  of  reaction  are 
equal,  an  equilibrium  constant  K.  may  be  defined: 


K. 

J 


(2.25) 


Under  combustion  conditions  species  mean  residence  times  in  the  flame  are 
invariably  much  smaller  than  the  time  required  to  reach  equilibrium  and  most 
chemical  reactions  are  kinetically  rate-limited;  compared  to  the  other  processes 
of  atomisation,  evaporation  and  mixing,  chemical  reaction  rates  are  considered  to 
be  very  high  (27)  under  most  conditions. 


Due  to  the  large  ranges  of  temperature  and  pressure  over  which  a kinetic 
rate  expression  is  required  to  be  valid  such  kinetic  data  can  be  subject  to 
significant  inaccuracies,  in  some  cases  order  of  magnitude  estimates  only  can  be 
made.  Golden  (47)  reviewed  several  methods  of  estimating  such  rate  data  whilst 
baulch  et  al  (4b)  have  compiled  an  invaluable  source  of  kinetic  data  for  high 
temperature  chemical  reactions,  recommended  rate  constant  and  equilibrium  data 
are  presented  (for  specified  ranges  of  application)  for  each  reaction  after  a 
critical  evaluation  of  available  data. 

At  flame  temperatures  vapourised  hydrocarbons  decompose  or  "crack"  into 
smaller  hydrocarbon  molecules  and  radicals  but  the  exact  mechanism  and  associated 
kinetics  by  which  even  the  simplest  hydrocarbon  disintegrates  into  other  components 
is  far  from  understood  and  is  extremely  complex.  Such  thermal  decomposition  is 
termed  pyrolysis  and  is  very  important  in  the  study  of  soot  formation  rates. 

Soots  are  particulates  formed  from  the  pyrolysis  of  hydrocarbon  or  other  organic 
molecules  in  which  many  thousands  of  atoms,  in  a much  higher  carbon/hydrogen 
ratio  than  in  the  fuel  molecule,  have  solidified  together.  Hence  the  processes  of 
dehydrogenation,  condensation,  chain  reactions  and  polymerisation  may  be  involved 
in  pyrolysis  but  very  many  intermediate  routes  between  these  processes  appear 
plausible . 

Such  m.echanisms  may  be  a function  of  local  temperature, pressure , species  con- 
centration plus  the  fuel  chemical  constitution  and  flame  residence  time.  Free 
radicals  and  reactive  intermediate  species  are  generally  recognized  as  being 
important  participants  in  such  mechanisms.  It  is  known  (14)  that  primary 
pyrolysis  products  are  H^,  CH^,  C^H^,  with  significant  quantities  of  and 

hydrocarbons.  Green  and  Toennies  (49)  give  estimates  for  the  characteristic 
pyrolysis  times  of  several  hydrocarbons.  Poll  (2)  also  presents  suitable 
references  in  his  review  for  the  rates  of  splitting  and  hydrogen  extraction 
reactions.  Due  to  the  complication  of  pyrolysis  reactions  many  investigators  have 
expressed  luel  decomposition  by  overall  paitial  oxidation  reactions,  some  of  these 
have  been  assumed  to  be  infinitely  fast  whilst  otheis  have  more  realistically  been 
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rate  limited.  These  overall  reactions  have  frequently  been  termed  "quasi-global" , 
a selection  of  such  reactions  are: 

(i)  For  the  two-step  decomposition  of  methane  (50) 

CH, 


I °2 


CO 


" 2 0; 


CO  + 2 H^O  ^ 

CO.,  } 


(2.26) 


Overall  rate  expressions: 


dX 

dt 

A^  exp 

(-E  /RT)  f 

X X 

2 

where , 

X 

= CH^, 

A = 

X 

5.3  X 10^^  litres/gm  mole  sec. 

E =57-5  kcal 

X 

X 

= CO  , 

II 
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1.8  X 10^*^  litres/gm  mole  sec. 

E =25-5  kcal. 

X 

(ii) 

C H 

t T 0, 

n CO  + y H„  

(2.27) 

Reaction  rate  (51)  = A.  T e^  12,900/T)  ^ [-^  j ^p^-0.825 

J n m 2 

Q 

where  A.  = 5.52  x 10 

J 

Edelman  derived  this  expression  after  considering  the  results  of  an  extremely 
detailed  investigation  of  hydrocarbon  oxidation  conducted  by  Chinitz  and  Bawer  (81) 
in  which  fuel  breakdown  was  modelled  using  69  reactions  and  31  species. 


(iii) 


S«16 


0. 


- 2 C^  Hg  0 


Forward  rate  constant  (100)»fj  = 5 x 10^  ^1*5  ^(  7900/T) 


2 C^  HgO  + 30^ 


SCO  + 8H., 


(2.28) 


(2.29) 


A. 5 


Forward  rate  constant,  f.  = 1 x 10"  T 

J 

The  above  rate  constant  expressions  are  for  the  forward  reactions,  the  reverse 
reactions  are  usually  assumed  negligible.  Other  investigators  have  produced  com- 
pletely global  kinetic  rate  expressions,  these  are  unfortunately  specific  to  the 
combustor  concerned,  eg  Odgers  (52) . 

A selection  of  more  fundamental  chemical  reactions  which  niay  occur  under 
combustion  conditions  is  now  presented,  rate  expressions  for  these  reactions  are 
gcnrrilly  available  from  reference  (48). 
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Methane  decomposition  reactions  .where  M signifies  a general  third  body: 

CH,  + M - Crl„  + H + M (2.30) 

4 3 

CH,  + H - CH..  + H.,  (2.31) 

4 3 a 

CH,  + OH  CH.,  + H.,0  (2.32) 

4 3 2 

CH,  + 0 CH-  + OH  (2.33) 

4 3 

CH^  + 0^  - HCO  + H^O  (2.34) 

KCO  + OH  - CO  + H^O  (2.35) 

HCO  + M - H ♦ CO  + M (2.36) 

Carbon  monoxide  decomposition  reactions: 

CO  + OH  - H + CO^  (2.37) 

CO  + 0 + M - CO,,  + M (2.38) 

CO^  + 0 - CO  + 0^  (2.39) 

Reaction  (2.37)  being  the  most  significant  of  these  three. 

Hydrogen  combustion  mechar. tsra; 

O2  + ^2  - OH  + OH  (2.40) 

OH  + H-  - H^O  + H (2.41) 

/ i. 

0^  + H - OH  + 0 (2.42) 

0 ^2  ^ OH  + H (2.43) 

0 + H^O  - OH  + OH  (2.44) 

H + H + M - H^  + M (2.45) 

0 + H + M OH  + M (2.46) 

H + OH  + M - H^O  + M (2.47) 

0+0  + M ^ 0^  +M  (2.48) 

The  Zeldovich  (53)  reactions  for  describing  nitric  oxide  formation  are: 

0 + N’2  ^ NO  + N (2.49) 

N ^2  ^ NO  + 0 (2.50) 

Further  reactions  involving  NO  are: 

N + OH  - NO  + H (2.51) 

N,,  + OH  - NO  * Nil  (2.52) 
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Whilst  Fenimore  (54)  proposed  the  following  reactions  which  are  significant 


under  fuel  rich  conditions  in  affecting  NO  formation; 

CH  + N,  - HC  + N (2.53) 

C2  + - 2CN  (2.54) 

C + N'2  - CN  + N (2.55) 

Pratt  (55)  has  suggested  that,  under  various  flame  conditions,  the  other  oxides  of 
nitrogen  nitrous  oxide  N^O  and  nitrogen  dioxide  NO^  can  directly  affect  production 
of  NO. 

Nitrous  oxide  mechanism  (55): 

+ 0 + M ^ N2O  + M (2.56) 

N2O  + 0 ^ NO  + NO  (2.57) 

N2O  + 0 ^ ^2  (2.58) 

N2O  + H ^ N2  + OH  (2.59) 

Nitrogen  dioxide  mechanism  (55): 

NO  + 0 + M - NO2  + M (2.60) 

0 + NO2  - NO  + O2  (2.61) 

H + NO2  - NO  + OH  (2.62) 

Chemical  reactions  involving  the  oxidation  of  sulphur  to  sulphur  dioxide  SO2 
and  sulphur  trioxide  SO^  are  given  by  Levy  (56),  those  not  involving  hydrogen 
sulphide  H^S  are: 

S + 0 - so  (2.63) 

S + S ^ ^2  (2.64) 

SO  + 0 SO2  (2.65) 

SO  + SO  ^ S2O2  (2.66) 

SO2  + 0 + M - SO^  + M (2.67) 

SO  + O2  + M ^ SO^  + M (2.68) 

SO^  + H2  - SO2  + H2O  (2.69) 

SO2  + 0 - SO^  (2.70) 

SO^  + CO  - CO2  + SO2  (2.71) 
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Other  reactions  involving  SO^,  NO^  and  H2S  interactions,  plus  hydrocarbon  inter- 
actions and  metallic  surface  reactions  may  also  occur  in  heterogeneous  two  phase 
combustion.  However,  these  are  very  complex  and  the  kinetics  of  such  reactions 
is  generally  not  known  so  that  they  are  excluded  from  this  discussion. 

Due  to  the  very  many  physical  processes  involved  the  kinetics  and  exact 
mechanism  of  soot  formation  are  largely  unknown.  As  mentioned  above,  pyrolysis 
chemical  reactions  play  an  important  role  whilst  the  diffusion  mode  of  droplet 
combustion  is  known  to  produce  very  much  more  soot  than  the  wake  mode  of 
combustion.  This  is  probably  due  to  the  cracking  of  the  fuel  vapour  in  the 
locally  high  temperature  (stoichiometric)  flame  surrounding  each  drop,  in  the 
former  mode.  The  oxidation  of  soots  is  known  to  be  slower  than  their  rate  of 
formation  (14)  so  that  once  formed  the  particles  tend  to  remain,  and  even  coagulate 
further  to  produce  smoke. 

For  a homologous  series  of  hydrocarbons  the  tendency  to  smoke  increases  with 
molecular  weight,  but  the  reverse  is  true  for  olefinic  and  some  aromatic  compounds. 
The  tendency  to  smoke  is  also  known  to  be  higher  for  branched  chain  and  unsaturated 
hydrocarbon  fuels.  The  luminosity  of  a flame  is  related  to  the  rate  of  carbon 
formation.  High  pressure  seems  to  favour  soot  formation,  but  there  is  no  simple 
relation  between  temperature  and  soot  formation.  For  a discussion  of  the  effects 
of  physical  processes  on  soot  formation  in  flames  refer  to  (14). 

In  premixed  flames  one  would  not  expect  carbon  formation  from  mixtures  in 
which  there  is  more  than  sufficient  oxygen  to  burn  the  fuel  carbon  to  carbon  mono- 
xide, hence  car  on  formation  can  be  avoided  in  this  class  of  flame,  i.e.  also  in 
the  wake  mode  of  two  phase  combustion. 

2 . 3 Heterogeneous  Combustor  Devices. 

Four  different  classes  of  liquid  fuelled  combustor  can  be  identified,  before 
each  of  these  is  described  it  is  important  to  bear  in  mind  that  steady  or  continuous 
combustor  devices  only  are  the  subject  of  this  study.  Hence  the  exclusion  of 
reciprocating  types. 

2.3(a)  The  Gas  Turbine. 

The  gas  turbine  device  has  been  applied  to  both  mobile  and  stationary  power 
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generation,  by  ir  their  mot:;;  important:  application  thcuph  is  the  powerinj;  of 
coiiunercial  and  mixitary  aircraft.  Thu  pas  turbine  is  also  increasingly  being 
used  for  both  automobile  propulsion  and  as  a component  in  stationary  power  gener- 
ation cycles  for  industry. 

tig. 2. 8 shows  a schematic  of  the  internal  flowfield  of  a typical  gas  turbine 
combustor.  The  primary  zone,  which  is  just  downstream  of  the  fuel  injector,  is 
a region  ot  intense  turbulent  mixing  and  strong  recirculation  which  serves  to 
stabilise  the  combustion.  The  recirculation  is  induced  by  the  swirler  air 
fraction  plus  the  entrainment  property  of  the  first  row  of  liner  penetration  jets 
and  results  in  the  mixing  of  hot  combustion  products  and  fuel  droplets/vapour. 
Combustion  is  la.  ;oly  completed  in  tin,  secondary  zoi:o  and  the  dilution  zone  cools 
the  combustion  gas.  li  with  a fraction  of  the  air  to  a teraperature  which  the  actual 
turbine  blades  can  tolerate  with  acceptable  stress.  A further  fraction  of  the 
total  air  feed  is  frequently  used  for  cooling  the  combustor  liner  so  that  as  the 
diagram  shows,  the  overall  turbulent  flowfield  is  highly  complex.  The  fuel 
injector  device  was  initially  a pressure  jet  atomiser  or  vapouriser  tube  although 
the  present  trend  is  towards  airblast  atomisers  which  generate  very  fine  sprays. 

For  aviation  use  tiie  gas  turbine  combustor  is  required  to  he  compact,  in  order 
to  minimise  the  engine  overall  weight,  and  to  give  high  performance  in  order  to 
maximise  both  power  output  and  fuel  economy.  These  requirements  then  imply  high 
combustion  inten'ity  and  efficiency,  which  is  why  large  can  air  pressure  drops  are 
used  to  maximise  turbulent  mixing  rates.  High  engine  reliability  is  naturally 
vital,  in  addition,  gas  turbines  are  expected  to  ignite  easily  and  operate 
efficiently  over  wide  ranges  of  temperature  and  pressure  for  long  periods.  In 
view  of  these  stringent  demands  good  quality  fuels  such  as  kerosine  are  normally 
used,  fuel  costs  iu  general  are  regarded  as  being  of  only  secondary  importance. 

Due  to  the  large  numbers  of  gas  turbine  combustors  which  are  in  use,  and 
their  design  requirements,  a large  amount  of  empirical  and  fundamental  research 
work  ha.s  been  concent r.-t ted  on  this  device.  The  remaining  heterogeneous  combustor 
devices  .ire  all  C the,  statienary  type,. 
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i'owur  Generation  Boilers. 


These  are  sometimes  tenaecl  utility  boilers  and  are  normally  large  scale 
installations  for  the  generation  of  power,  they  are  also  wide  spread  throughout 
the  world,  a large  range  of  fuels  being  used.  Liquid  fuels  used  are  of  lower 
grade  than  aviation  gas  turbine  types,  e.g.,  residual  fuel  oil,  which  can  contain 
significant  amounts  of  chemically  bound  sulphur/nitrogen . The  fuel  is  usually 
introduced  into  the  combustor  by  means  of  a matrix  of  burners  which  employ 
pressure  jet,  rotary  cup  or  twin  fluid  atomisers  to  actually  inject  the  fuel. 

Unlike  gas  turbine  combustors  which  are  largely  blue  flame,  these  burners  produce 
turbulent  diffusion  mode  droplet  flames  which  are  yellow,  i.e.,  luminous.  Hence 
high  radiative  heat  transfer  rates  within  the  boiler  section  are  realised.  Peak 
temperatures  throughout  the  boiler  are  lower  than  those  found  in  the  gas  turbine 
and  design  types  vary  widely. 

The  complete  combustion  of  the  fuel  with  the  minimum  of  excess  air  under 
stable,  hence  easily  controllable, conditions  is  the  chief  requirement  of  the  power 
generation  boiler.  Increasing  the  excess  air  supplied  to  the  burners  is  unaccept- 
able since  large  flue  gas  heat  losses  and  high  air  supply  costs  would  result. 

The  fluidised  bed  combustion  concept  may  be  applied  to  this  combustor  device 
for  either  direct  combustion  or  gasification  of  the  liquid  fuel,  in  order  to 
obtain  high  heat  transfer  rates  plus  intense  combustion  at  low  temperatures. 

Compared  to  the  gas  turbine  the  power  generation  boiler  has  received  consid- 
erably less  attention  in  the  way  of  research  and  development. 

2.3(c)  Industrial  Furnaces  and  Flare  stacks. 

Liquid  fuels  arc  employed  in  chemical  engineering  and  many  other  industrial 
processes  for  combustion  in  furnaces  which  may  be  used  for  small  scale  steam 
raising,  evaporators  and  the  heating  of  various  solids  etc.  Again,  yellow  turbu- 
lent diffusion  mode  of  droplet  combustion  generally  prevails  and  high  heat  transfer 
rates  are  the  main  requirement.  Low  grade  dirty  fuels  frequently  have  to  be  burnt 
as  economically  as  possible  under  stable  conditions. 

In  some  refinery  processes  a situation  is  often  em  uuiitered  where  the  storage 
costs  of  certain  low  grade  liquid  fuels,  although  more  oiten  gaseous  fuels  perhaps. 


30 


may  be  prohibitive.  In  these  circumstances  it  is  more  economical  to  simply  burn 
the  fuel  in  the  open  atmosphere  using  a device  known  as  a flarestack,  the  turbu- 
lent diffusion  flame  is  then  required  to  entrain  its  own  combustion  air.  Both 
these  kinds  of  combustor  are  by  necessity  in  a relatively  crude  state  of  develop- 
ment, empirical  techniques  generally  being  accepted. 

2.3(d)  Domestic  Boiler  Appliances. 

This  last  class  of  heterogeneous  combustor  is  used  for  household  heating  and 
includes  building  heating  devices  in  general.  These  combustors  are  small  scale 
and  are  required  to  handle  low  flowrates  of  relatively  low  grade  fuels  such  as 
distillate  oils;  pressure  jet  atomisers  often  being  used.  They  are  also  desired 
to  be  compact,  quiet,  clean,  easily  controllable  and  again  economic  to  purchase 
and  run.  The  design  of  this  type  of  combustor  generally  proceeds  along  empirical 
lines.  Fuels  are  invariably  injected  at  pressures  in  the  100  psig  range  and  at 
flowrates  of  around  0.8  gph,  problems  of  nozzle  duct  blockage  are  often  experienced 
at  fuel  throughputs  less  than  this  figure  (94). 

2 . 4 Combustion  generated  Air  Pollution. 

The  field  of  combustion  research  has  expanded  in  recent  years  to  encompass  the 
study  of  air  pollutant  formation  as  an  integral  part  of  combustor  performance. 

This  development  has  perhaps  been  spurred  by  public  awareness  and  accelerated 
greatly  by  the  widespread  introduction  of  generally  stringent  legislation. 

Much  heated  discussion  on  the  subject  has  been  provoked  as  a result,  the  consequences 
and  economic  losses  attributable  to  air  pollution  therefore,  are  considered  well 
known  (62-65). 

kTiich  species  discharged  into  the  atmosphere  may  be  considered  to  be 
pollutants?  The  answer  to  this  question  is  conveniently  expressed  in  the  form 
of  Table  1 below,  the  major  annoyances  generally  associated  with  each  species  is 
also  presented. 
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TABLli  I. 


AIR  POLLUTANTS. 


Pollutant  species. 

a)  Carbon  Monoxide  (CO) 

b)  Oxides  of  Nitrogen  (NO.NO^) 

c)  Hydrocarbons  (UHC) 

d)  Oxides  of  Sulphur  (SO^.SO^) 

e)  Hydrocarbon  organic  derivatives 

(e. g. , aldehydes) 

f)  Smoke,  particulates. 

g)  Sulphur  compounds  (e.g.,  H^S) 

h)  Lead  (Pb) 

i)  Other  metals  (e.g.,  V,  Mn,  P) 


Associated  major  annoyances. 

Toxic  (reduces  oxygen  capacity  of  blood). 

Toxic  (basic  constituent  for  photochemical 
smog  formation) . 

Toxic,  irritant  or  inert  - depending  on 
fuel  chemical  composition  (basic 
constituent  for  photochemical  smog 
formation) . 

Toxic,  readily  forms  sulphuric  acid, 
irritant,  aerosol  formation. 

Corrosion. 

Irritants,  odourants  (basic  constituent 
for  photochemical  smog  formation) . 

Numerous  e.g.,  visibility  reduction, 
nucleation  sites. 

Toxic,  odourants. 

Toxic . 

Toxic,  atmospheric  reactions. 


The  table  lists  the  primary  air  pollutant  species  (hereafter  referred  to  as 
pollutants),  and  the  first  six  are  almost  universally  recognized  as  being  the  most 
serious.  It  should  be  noted  that  possible  weather  interference  has  been  largely 
ignored,  so  that  carbon  dioxide  and  water  vapour  have  not  been  considered  pollutant 
entities.  Metallic  lead  can  be  neglected  in  this  study  since  it  is  a consequence 
of  internal  combustion  engine  operation,  i.e.,  not  of  the  continuous  combustor  type. 
Nitric  oxide,  NO  and  nitrogen  dioxide,  NO2  are  the  major  oxides  of  nitrogen  of 
interest  and  are  collectively  referred  to  as  NO^,  similarly  the  oxides  of  sulphur 
are  collectively  termed  SO^.  Hydrocarbon  emissions  are  the  result  of  inefficient 
combustion  or  incomplete  fuel  utilisation,  hence  they  are  collectively  termed 
Unburnt  Hydrocarbons  (UHC  for  convenience). 

The  scale  of  any  individual  air  pollution  problem  is  naturally  very  complex 
and  a function  of  many  factors  such  as  emission  frequency,  combustor  type  and 
size,  etc.  Sawyer  (66)  has  made  an  appraisal  of  the  scale  of  problem  presented 
by  aircralt  pollutant  eraissions,  major  problem  areas  wet  - Chen  liigliiighted . 

tuetgy  conversion  combustion  processes  as  a whole  account  for  extremely  large 
proportions  of  the  artificial  emission  of  all  major  pollutant  species,  for  example 
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during  1968  and  in  the  United  States,  this  proportion  was  95%  for  NO^  as  Table  II 
shows.  The  Table  also  presents  a breakdown  of  the  contributing  primary  sources 
of  emission  for  SO^,  CU,  UHC  and  Particulates  for  that  year  in  the  U.S.  In  each 
case  the  most  significant  source  is  underlined,  so  that  it  can  be  immediately 
I . appreciated  that  stationary  plant  was  responsible  during  1968  for  the  highest 

emissions  of  NO^  and  SO^,  whilst  vehicles  in  general  produced  the  greatest  CO  and 
UHC  pollutant  emissions.  Production  of  particulates  was  more  evenly  distributed. 

The  natural  rate  of  generation  of  NO^  has  been  estimated  as  being  about  15  times 
greater  than  the  corresponding  manmade  h'O^  production  rate,  however,  the  latter  is 
concentrated  in  urban  areas  where  actual  levels  are  higher.  Even  so  these  levels 
rarely  exceed  toxic  thresholds,  the  reasons  for  limiting  their  emission  into  the 
atmosphere  are  mainly  that  they  form  secondary  pollutants  by  further  atmospheric 
reactions. 

With  the  possible  exception  of  particulates,  it  is  widely  accepted  that 
emissions  of  pollutants  have  been  and  are  increasing  with  time.  Thus  Derwent  and 
Stewart  (96)  have  presented  NO^  emissions  data  for  the  U.K.  which  correspond 
to  the  period  1965-1970,  while  Bartok  et  al  (67)  estimated  future  emissions  of  NO^ 
in  the  U.S.  up  to  the  year  2000,  based  on  the  continuation  of  current  trends. 

Information  on  particulates  and  SO2  emissions  in  the  U.K..  from  1950  - 1968  is  also  ’ 

available  (63). 

Legislation  introduced  to  control  air  quality  has  been  considerably  more 
stringent  in  the  U.S.,  moreover,  the  proposed  standards  for  manmade  NO^  emissions 
have  provided  the  toughest  goal.  For  an  example  of  such  U.S.  Federal  Standards 
refer  to  (66,67).  European  air  pollution  problems  at  present  are  more  localised 
and  less  acute  so  that  existing  European  legislation  is  not  so  rigid. 

Having  considered  future  trends  in,  and  the  existing  legislation  for  control 
of,  air  pollution,  it  can  be  concluded  that  there  definitely  exists  a need  for  the 

I 

application  of  further  related  combustion  ri'search  if  the  demands  for  an  overall 
reduction  in  pollutant  emissions  in  the  future  are  to  be  met.  Now  such  a research  . 

effort  can  clearly  oe  directed  at  one  or  all  of  three  possible  phases  of  control,  I 

these  are:  I 
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1.  FUEL  TREAT^tENT.  This  involves  refinement  of  the  existing  fuel  to  remove 
impurities.  Removal  of  sulphur  containing  compounds  ensures  that  SO^  and  other 
sulphur  containing  pollutants  are  not  formed  in  the  combustor,  hence  corrosion  risk 
is  also  averted.  Processing  to  reduce  fuel  bound  nitrogen  content  helps  reduce 

NO  but  is  more  significant  for  solid  fuels.  To  a lesser  extent  still,  raetal- 
containing  emissions  can  be  obviated  through  fuel  processing.  The  ocher  major 
pollutants  listed  in  Table  I.  however  are  not  affected  by  this  phase  of  control, 
and  fuel  chemical  processing  operations  in  general  are  expensive. 

2.  COMBUSTION  MODIFIGMION . The  next  phase  of  control  corresponds  to 
refinement  of  the  actual  combustion  process  and  can  be  implemented  in  either  of 
two  ways.  Firstly  by  a relat’vely  minor  modification  to  the  emitting  combustor, 
this  type  of  approach  is  often  successful  in  reducing  one  or  two  of  the  major 


pollutants  on ly , and  usually  at  the  expense  of  increased  emission  of  one  of  the 
other  pollutants.  The  second  approach  involves  either  a major  modification  to 
Che  combustor,  or  the  application  of  new  design  principles  to  generate  completely 
new  combustor  concepts.  Naturally  the  extent  to  which  a successful  new  hetero- 
geneous device  can  be  created  is  a function  of  combustor  type  but  the  advantage 
gained  (or  perhaps  the  goal)  is  the  suppression  of  all  pollutant  formation  in  the 
device . 

3.  EFFLUENT  PROCESSING.  The  third  phase  or  mode  of  control,  as  for  the 
first,  utilises  chemical  processing.  Combustion  effluents  can  be  "cleaned  up" 
by  various  chemical  engineering  unit  operations  in  order  to  actually  remove  the 
pollutant  species  from  the  bulk  gases  after  they  have  been  formed.  Again, 
although  such  techniques  already  exist  to  enable  the  extraction  of  any  pollutant, 
they  are  extremely  costly.  Obviously  they  are  only  applicable  to  stationary  large 
scale  combustor  types,  for  which  large  volumes  of  flue  gases  have  to  be  handled. 
This  mode  of  control  is  frequently  applied  to  Power  Station  boiler  effluents, 
particulates  being  removed  by  electrostatic  precipitation.  Cyclones  and  settling 
chambi.io  are  examplco  uf  other  kinds  of  jiaiticui  ite  extiactjun  equipment;  all 
three  such  devices  lioweVtr  possess  inherent  clisadvan tages , sach  as  high  initial 
cost,  long  separation  time,  additional  running  and  maintenance  costs.  Examples 
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of  gaseous  pollutant  processing  operations  include  adsorption  onto  solids, 
absorption  into  liquids,  e.g.  by  scrubbing  and  catalytic  removal.  The  former 
operations  are  more  applicable  to  SO  and  NO  , as  discussed  by  Bartok  et  al  (67), 
whilst  Solymosi  & Kiss  (68)  have  considered  NO^  reduction  by  catalytic  reaction 
with  CO. 

From  the  foregoing  it  can  be  appreciated  that  the  second  phase  of  control, 
that  of  combustion  modification,  constitutes  the  most  satisfactory  solution  to  the 
problem  on  a long  term  basis,  this  opinion  is  shared  by  others  e.g.  (69).  As 
would  be  expected  adoption  of  these  methods  of  control  requires  the  most  research 
effort.  Hence  in  the  remainder  of  this  section  attention  will  be  focussed  upon 
pollutant  suppression  techniques  which  involve  combustion  modification,  factors 
affecting  the  formation  of  the  more  important  pollutant  species  though  will  be 
first  considered. 

2.4(a)  Factor s Affecting  Emission  of  the  more  important  Pollutants. 

The  complexity  of  pollutant  minimisation  technology  is  borne  out  by  the 
fact  that  various  species  emissions  are  frequently  conflicting  functions  of  com- 
bustion conditions.  Faced  with  this  situation,  many  investigators  have  carried 
out  fundamental  studies  on  individual  pollutants  under  carefully  controlled 
conditions. 

The  rate  of  emission  of  all  pollutants  from  a heterogeneous  combustor  depends 
on  the  prevalent  rates  of  atomisation,  evaporation  and  turbulent  mixing,  but 
usually  to  a greater  extent  on  chemical  reaction  kinetics.  Emission  rates  are 
thus  dependent  on  the  profiles  of  concentration,  temperature  and  velocity 
throughout  the  combustor  flowfield.  The  parameters  to  which  the  emission  rates 
of  individual  major  pollutant  species  are  predominantly  sensitive  will  now  be 
discussed . 

Historically,  soots  were  the  first  such  species  to  receive  attention,  this 
being  uiiderstandabl y due  to  their  visual  prominence.  The  kinetics  of  form;iion 
and  destruction  ot  carbonaceous  solids  in  flames  has  been  described  in  outline  in 
2.2(d).  It  was  shown  that  carbon  foination  in  any  basically  preinixed  type  of 
flame  can  be  controlled  by  tlie  amount  ot  available  oxygen,  i.e.  the  combustor 
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air  feedrate,  so  that  significant  formation  would  only  be  expected  under  fuel  rich 
conditions.  This  is  not  true  for  the  diffusion  mode  of  droplet  combustion  since 
locally  stoichiometric,  i.e.  high  temperature  flames  around  the  drop  always  exist, 
pyrolysis  of  fuel  vapour  takes  place  in  these  flames  with  significant  carbon  being 
formed.  For  this  mode  of  droplet  combustion  then  the  emission  rate  of  particul- 
ates is  insensitive  to  air  feedrate  or  species  concentrations  because,  once  formed 
particulates  tend  to  remain,  destruction  rates  being  very  low  indeed  (14). 

The  sensitivity  of  soot  formation  to  droplet  ballistics  and  dynamics  is 
reflected  in  the  dependence  of  droplet  mode  of  combustion  on  gas-drop  relative 
velocity  as  previously  explained  in  2.2. (b).  SjHgren  (13)  found  that  the 
extinction  velocity  of  small  droplets  is  very  low  so  that,  coupled  with  superior 
evaporation  rates,  this  explains  why  the  wake  mode  of  droplet  combustion  and 
minimal  soot  formation  is  obtained  from  efficient  atomisers  which  produce  initial 
size  distribution  of  droplets  which  are  weighted  in  the  lower  range. 

It  has  been  found  that  soot  formation  rates  are  dependent  on  the  strength  of 
applied  electrical  fields  (70),  and  also  upon  fuel  additives  (usually  based  on 
boriura  or  manganese)  (71). 

Clearly  more  fundamental  information  on  hydrocarbon  breakdown  mechanisms  and 
kinetics;  plus  identification  of  particulate  emissions  in  terms  of  particle  size 
distributions  and  chemical  composition,  is  required  before  a complete  understanding 
of  all  the  factors  which  influence  soot  emission  rates  is  obtained.  However, 
empirical  methods  have  had  some  success  in  substantially  reducing  such  emissions 
from  gas  turbine  combustors. 

Emission  of  carbon  monoxide,  and  unburned  hydrocarbons  usually  reflect 
inefficient  or  incomplete  combustion,  they  both  decrease  with  increasing  flame 
residence  time.  In  order  to  promote  complete  combustion  rapid  atomisation, 
evaporation  and  mixing  are  required  since  this  assures  that  all  fuel  has  sufficient 
time  to  chemically  react  in  the  flame.  Homogeneous  fue i /oxidant  distributions 
throughout  a heterogeneous  combustor  flowfield  is  the  otiKu  important  factor, 
under  tuel  lean,  i.e.,  excess  oxidant  conditions  exticiiiel^  low  emission  rates  of 
CO  and  hhC  result.  It  is  important  to  ensure  that  temperatures  are  high  enough 
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in  all  parts  of  the  combustor  so  that  thermal  quenching  of  hydrocarbon  and  carbon 
monoxide  oxidation  reactions  does  not  occur.  The  effect  of  increasing  either 
combustor  inlet  air  temperature  or  operating  pressure  is  to  increase  burning  rates 
and  hence  reduce  CO  and  UHC  emissions.  Probably  the  most  important  parameter 
is  the  atomiser  initial  size  distribution  since  this  largely  governs  the  evaporation 
process  and  therefore  fuel  availability.  The  importance  of  mixing  on  CO  emissions 
from  a kerosine-f uelled  tubular  burner  was  demonstratea  by  Pompeii  and  Heywood  (72) 
by  means  of  a stochastic  mixing  model  for  the  burner. 

The  most  difficult  pollutant  to  minimise  from  any  combustor  is  nitric  oxide, 

NO,  NO^  the  other  important  oxide  of  nitrogen,  is  formed  in  only  negligible  prop- 
ortions at  temperatures  above  1000  K and  so  will  not  oe  considered  any  further. 

Now  NO  is  formed  by  the  oxidation  of  either  fuel-bound  nitrogen  or  atmospheric 
free  nitrogen,  air  being  the  oxidant  generally  used  in  any  combustor.  The  chief 
difficulty  in  controlling  NO  is  that  it  can  be  formed  as  a result  of  very  efficient 
combustion,  which  is  required  to  suppress  emission  of  soots,  CO  and  UHC'sI  The 
rate  of  formation  of  NO  is  extremely  sensitive  to  temperature,  so  that  it  reaches 
a maximum  under  near  stoichiometric  fuel/oxidant  proportions,  and  decreases  under 
fuel  lean  or  fuel  rich  conditions.  As  has  been  previously  explained  the  rate  of 
release  of  chemical  energy  in  most  flames  is  turbulent  mixing  controlled,  NO 
production  is  predominantly  controlled  by  chemical  kinetics  though.  NO  formation 
also  increases  with  residence  time  at  flame  temperatures,  and  is  dependent  on 
local  oxygen  atom  and  molecule  concentrations  as  examination  of  equations  (2.49-52, 
2.56-b2)  will  verify.  V'ery  many  fundamental  and  applied  studies  of  NO^  formation 
have  been  made,  this  being  no  doubt  attributable  to  the  fact  that  its  requirements 
for  minimising  usually  conflict  with  the  requirements  for  suppressing  other 
pollutants . 

On  a fundamental  level  Pratt  and  Multe  (55)  investigated  chemically  rate- 
limited, fuel  lean  gaseous  combustion  of  CO  with  moist  air  in  a jet  stirred  reactor, 
this  is  a device  in  which  extremely  high  turbulence  mixing  rates  are  produced  by 
an  air  jet  issuing  into  a small  volume.  They  found  that  under  conditions  of 
intense  turbulence  and  backmixing  super-equilibrium  concentrations  of  0 atoms  aiid 
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other  reaction  intermediates  cause  nitrous  oxide  N^O  to  act  as  an  important 
intermediate  in  NO^  formation,  via  reactions  (2.56-59),  for  fuel-lean  combustion, 
this  mechanism  being  important  at  temperatures  less  than  about  1800  K.  Pratt 
and  Malte  found  that  the  effect  of  turbulent  fluctuations  was  to  produce  higher 
peak  temperatures  and  hence  higher  NO^  levels,  the  maximum  NO^  concentration 
measured  in  this  system  was  32  ppm.  The  study  was  very  useful  since  it  isolated 

the  effects  of  reaction  kinetics,  the  processes  of  atomisation,  evaporation  ana 
mixing  being  absent.  The  energy  releasing  and  pollutant  formation  reactions, 
unlike  in  one-dimens ion.i  1 flow  systems,  could  not  be  separated  because  the  highly 
stirred  reactor  tested  was  found  to  generate  such  super-equilibrium  0,  H and  OH 
species  concentrations.  These  species  provided  an  important  coupling  effect 
because  the  reactor  was  so  well  mixed.  Pratt  and  Malte  (73)  also  succeeded  in 
measuring  0 atom  concentrations  in  such  a system  by  direct  spectroscopic  techniques. 
Bowman  et  al  (74)  investigated  the  relative  effects  of  finite  turbulent  mixing  in 
a similar  reactor  fuelled  with  methane,  maximum  measured  NO  was  of  the  order  of 
100  ppm.  Eberius  and  Just  (75)  investigated  the  influence  of  hydrocarbon  fuel 
structure  on  NO  for  premixed  propane,  ethylene  and  acetylene  flames.  They  found 
large  "overconcentrations"  of  NO  in  very  fuel  rich  flames.  In  addition  they 
found  that  NO  formation  could  be  reasonably  separated  into  three  classes, 
a)  Zeldovich  mechanism  with  equilibrium  0 atom  concentration,  b)  Zeldovich  mechanism 
with  the  remaining  excess  0 atom  concentration,  c)  other  reactions  involving  such 
radicals  as  CH,  C and  C2 • Myerson  (76)  carried  out  an  experimental  investigation 
into  the  reduction  of  NO  by  hydrocarbon/0,  mixtures  in  a flowing  system  of  simu- 
lated combustion  effluents.  It  was  suggested  that  0,  could  produce  free  radicals 
such  as  CH  and  CH^  by  hydrogen  abstraction  of  the  hydrocarbon,  this  could  then 
reduce  the  NO  through  reactions  typified  by  the  exothermic  step: 

CH  + NO  - CHO  + N (2.73) 

Clearly  more  investigations  of  this  type  are  needed.  All  the  above  fundamental 
studies  pertained  to  homogeneous  combustion,  similar  studies  for  heterogeneous 
combu.; tio.t  have  also  been  made.  Thus  Kollrack  and  Aceto  (77)  theoretically 
analys.ul  .i  gas  turuiiie  combustor  with  ic.-,pect  to  NO  formation  and  predicted  that 
No  levels  resulting  trom  liquid  fuel  combus'lon,  as  cliraa'  l.(-Lised  by  a monosized 
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spray  (defined  by  SMD) , were  up  to  two  orders  of  magnitude  larger  than  NO  levels 


for  premixed  combustion.  They  postulated  that  slower  mixing  could  prolong 
radical  concentration  overshoots  and  produce  temperature  overshoots,  thereby 
increasing  NO  production.  Bracco  (77)  used  an  analysis  of  single  droplet  quasi- 
steady state  combustion  with  a simple  chemical  reaction  expression  to  determine 
rates  of  NO  formation  for  hydrocarbon  fuels.  Larger  NO  formation  rates  are 
expected  for  the  diffusion  mode  of  droplet  combustion  than  for  the  wake  mode  since 
the  former  flames  burn  at  locally  stoichiometric  proportions  i.e.,  high  temperature, 
whereas  the  air/fuel  ratio  in  the  latter  can  be  varied. 

The  last  major  pollutant  species  to  be  briefly  considered  in  relation  to 
primary  variables  are  the  oxides  of  sulphur  It  can  be  appreciated  from 

equations  (2.63-71)  that  SO^  production  rates  are  also  dependent  on  oxygen  atom 
and  molecule  concentrations.  It  appears  that  these  two  species  concentrations 
predominantly  influence  BU^  formation,  with  residence  time  and  flame  temperatures 
being  of  less  importance  (79).  However,  when  the  temperature  of  the  flame  gases 
falls  below  the  dewpoint  of  water  and  sulphuric  acid,  then  corrosion  occurs. 

Banchero  and  Verhoff  (80)  describe  prediction  of  dewpoints  from  fuel  gas  compos- 
ition and  temperature  by  means  of  vapour-liquid  equilibria.  SO^  production  is 
also  a function  of  tbe  sulphur  content  of  the  fuel  and  is  zero  for  a sulphur-free 
fuel.  Low  oxygen  concentrations,  i.e.  fuel  rich  combustion  favours  minimal  SO^ 
format  ion  from  a sulphur  containing  liquid  fuel. 

2.4(b)  .'inor  Combustion  Modifications  aimed  at  Suppression  of  Emissions. 

A large  number  of  relatively  minor  modifications  to  existing  heterogeneous  com- 
bustors  have  been  proposed  which  attempt  to  reduce  pollutant  emissions,  often  with 
respect  to  only  one  or  a few  major  pollutant  species.  Table  III.  summarises  these 
modifications  and  indicates  which  pollutants  are  favourably  affected,  it  is  worth- 
while emphasizing  the  fact  that  the  effects  of  such  modifications  are  not  always 
clearly  defined. 


TABLE  III.  MINOR  HETEROGENEOUS  COMBUSTOR  MODIFICATIONS. 


Modification 

Pollutant  species  reduced 

Pollutant  species  increased 

a) 

Overall  fuel  rich  or 

NO^  if  temperature  is  reduced, 
SO  also. 

X 

Particulates  under  certain 

low  excess  air 
operation . 

conditions,  CO,  UHC. 

b) 

Overall  fuel  lean  or 

NO  if  temperature  is  reduced. 

SO 

high  excess  air 
operation . 

soots,  CO  and  UHC. 

c) 

Change  atomiser. 

I’ossibly  all  species  for  a 

Soots  for  some  very  fine 

very  fine  spray. 

sprays . 

d) 

Multiple  atomiser  con- 

Possibly  all  species  for 

figurations,  modify 
fuel  distribution  to 

very  fine  sprays. 

the  atomisers. 

e) 

Water  injection 

Can  reduce  smoke,  also  NO 

X 

CO  and  UHC  if  combustion 

if  temperature  is  reduced. 

reactions  quenched. 

f) 

Redistribute  airflow  in 
gas  turbine  combustors. 

Difficult  to  assess. 

Difficult  to  assess. 

g) 

Increase  air  feed 
temperature . 

CO  and  UHC . 

h) 

Increase  operating 

Usually  CO  and  UHC. 

Usually  h'O^. 

pressure . 

The  effects  for  these  minor  combustion  modifications  then  are  not  consistent 
for  all  species  and  are  also  a function  of  combustor  type,  there  is  general  agree- 
ment that  these  modifications  are  inadequate  if  realistic  reductions  in  pollutant 
emissions  are  to  be  made  (82). 

2.4(c)  Emission  Suppression  by  Combustor  Redesign. 

Various  major  combustion  modifications,  which  either  involve  combustor 
redesign  or  new  concepts  altogether,  have  also  been  proposed  for  suppressing 
pollutant  formation.  The  principles  involved  and  potential  emission  performance 
of  each  of  the  following  four  different  heterogeneous  combustor  concepts  will  now 
be  discussed: 

i)  Recirculation  combustors. 

ii)  Fuel  prevapourizing  and  premixing  combustors. 

iii)  Variable  geometry  combustor  de.'.igns. 

1”)  Staged  combustion  configurations. 
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In  the  first  class  of  these  concepts  a portion  of  the  combustion  products  is 
transferred  back  to  the  initial  spray  formation  region  of  the  combustor  flowfield, 
the  process  is  termed  recirculation  and  results  in  a dilution  of  the  gaseous  phase 
species.  Actual  definitions  of  the  recirculation  ratio  parameter  vary  widely. 

The  effects  of  recirculation  on  liquid  phase  fuel  depends  on  the  temperature  of 
the  recirculated  gases,  if  the  gases  are  at  relatively  high  temperature  they 
increase  heat  transfer  to,  and  hence  the  evaporation  rate  of,  the  fuel  droplets. 
Naturally,  all  recirculated  gases  will  have  an  additional  fluid  dynamic  effect  on 
the  liquid  phase  in  chat  they  will  modify  droplet  concentrations  and  trajectories 
since  the  gaseous  phase  flow  pattern  will  be  strongly  affected.  Increases  in 
flame  stability  and  combustion  performance  are  generally  associated  with  the  intro- 
duction of  hot  recirculated  gases  into  Che  spray  formation  zone,  because  the  pre- 
heating/"premixing"  obtained  results  in  the  stable  ignition  of  fuel  and  oxidant 
over  a wider  range  of  combustor  operating  conditions.  Considering  the  process  on 
a smaller  scale,  eddies  of  hot  combustion  products  will  promote  the  dispersal  of, 
and  mixing  between,  cool  fuel  vapour  and  oxidant  eddies,  in  doing  so  the  temperatures 
of  these  reactant  eddies  will  also  be  raised.  The  net  effect  then  is  that  eddies  of 
reactant  species  are  very  rapidly  prepared  for  ignition  and  subsequent  combustion. 

An  important  consequence  of  recirculation  is  that  the  residence  time  of  the 
actual  recycled  gases  is  increased  although  the  mean  gaseous  residence  time  is  in 
fact  reduced.  Oxygen  concentrations  in  the  flame  zone  are  also  reduced  by  dilution 
due  to  recycled  combustion  products.  Recirculation  would  also  be  expected  to 
increase  radical  concentrations  although  it  is  extremely  difficult  to  predict  the 
net  effects  on  any  species  with  any  certainty. 

It  has  long  been  known  that  recirculation  reduces  flame  luminosity  (83)  and 
the  primary  reason  for  this  is  the  reduction  in  oxygen  concentration  w'hich  results. 

As  explained  in  2.2(b)  the  extinction  velocity  is  a strong  function  of  oxygen  con- 
centration and  for  diluent  gases  predominantly  composed  of  nitrogen,  i.e.  combustion 
products,  this  critical  velocity  falls  to  zero  at  oxygen  concentrations  less  than 
about  1A%  (13)  for  an  unspecified  fuel.  Hence  blue  flame  combustion,  due  to 
the  wake  mode  of  droplet  combustion,  is  obtained  at  recirculation  levels  which 


produce  mean  dilutions  of  oxygen  corresponding  to  this  concentration.  Soot 
formation  rates  under  blue  flame  conditions  are  extremely  low  so  that  recirculation 
has  a strong  effect  on  emission  of  this  pollutant.  Thus  Kamo  et  al  (83)  noticed 
a critical  recirculation  level  for  their  oil  burner  at  which  flame  colour  changed 
from  yellow  to  blue  and  combustion  noise  was  reduced.  The  effect  of  excess  air, 
as  well  as  recirculation,  on  smoke  emissions  was  also  studied.  Fig. 2. 9 shows  the 
results  that  were  obtained  for  this  particular  burner.  Another  factor  contributing 
towards  the  reduction  in  soot  emissions  by  recirculation  may  well  be  the  increased 
combustion  radical  concentrations  obtained  (15),  clearly  a more  detailed  under- 
standing of  hydrocarbon  pyrolysis  mechanisms  is  required. 

The  effect  of  recirculation  on  other  gaseous  pollutants  will  be  discussed  for 
specific  heterogeneous  combustor  designs  after  the  various  techniques  for  producing 
recirculation  have  been  first  described.  These  fall  into  two  categories,  external 
and  internally  generated  recirculation  (with  respect  to  the  combustor  casing). 

The  former  category  involves  the  use  of  external  ducting  and  a pump  to  transfer 
combustion  products  from  the  exit  to  the  inlet  planes  of  the  combustor.  Cooling 
of  the  gases,  which  is  undesirable,  is  inevitable  to  some  extent  and,  due  to  the 
periphery  equipment  required,  the  combustor  becomes  both  cumbersome  and  expensive 
to  operate.  Hazard  (84)  investigated  the  effects  of  externally-generated 
recirculation  (EGR)  on  two  kerosine-f uelled  burners  which  were  both  swirl  stabilised 
and  water  cooled,  one  was  operated  fuel  rich  and  the  other  fuel  lean.  It  was  found 
that  EGR  was  considerably  more  effective  than  excess  air  in  suppressing  NO  formation 
due  to  the  reduction  in  local  peak  temperatures  obtained.  Blue  flame  combustion 
was  usually  obtained,  CO  emissions  were  generally  below  3 gm/kg  fuel  at  firing  rates 
above  20  lb. fuel/hr.  but  were  approximately  independent  of  EGR  level.  Unfortunately 
the  sensitivity  of  NO  emission  to  burner  cooling  rate  was  not  investigated. 

In  the  second  category,  recirculation  within  the  combustion  chamber  is 
accomplished  through  the  exploitation  of  fluid  dynamic  phenomena  to  generate  a 
region  of  reverse  flow.  An  obvious  advantage  to  this  approach  is  the  high  temper- 
ature of  the  recirculated  gases  which  lavourably  increases  fuel  evaporation  rates. 
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One  of  the  earliest  oil-fired  burners  developed  to  operate  in  the  blue  flame 


regime  was  the  Ventres  blue-flame  burner  (85);  this  was  equipped  with  a low 
pressure  air/oil  atomiser  and  featured  fuel  evaporation  within  a horizontal 
vapouriser  tube.  Combustion  products  recirculation  into  the  inlet  of  this  tube 
was  promoted  by  an  eductor  effect,  and  secondary  air  was  added  at  various  points 
throughout  the  combustor  to  complete  the  combustion.  After  startup,  which  was 
achieved  by  conventional  high  voltage  ignition,  quiet  and  stable  blue  flame  oper- 
ation was  obtained  at  firing  rates  of  0.1  - 0.35  gph  on  a variety  of  fuels 
ranging  from  kerosine  to  heavy  oils.  Stack  gas  analyses  of  12-14%  CO^  content, 
with  no  smoke,  were  consistently  obtained,  emission  of  other  species  was  not 
studied.  Another  early,  high  intensity,  combustor  designed  to  run  on  a variety 
of  liquid  fuels  under  blue  flame  conditions  is  described  by  Reman  & Verkoren  (86). 
Feed  air  entered  the  combustion  chamber  via  a swirl-inducing  air  register  which, 
together  with  combustor  geometry,  was  responsible  for  the  establishment  of  a double 
vortex  flow  that  generated  intense  recirculation  in  the  central  low  pressure  region 
of  the  flowfield.  A wide  range  of  fuels  was  again  used,  each  was  injected  by 
means  of  a pressure  jet  atomiser,  at  a high  injection  pressure  of  400  psi.  High 
flue  gas  CO2  levels  were  measured  and  no  smoke  formed,  although  high  air  pressure 
drops  ( = 20"  W.G.)  were  required  to  drive  the  recirculation  region.  Heavier 
fuels  were  preheated  before  atomisation  to  keep  their  viscosity  at  or  below  200cS. 
Pollutant  emissions  were  not  investigated  for  this  burner. 

Cooper  and  Marek  (87)  investigated  two  methods  of  achieving  controlled 
internal  recirculation  by  exploiting  fluid  dynamic  properties,  these  were 
a)  reverse  flow  within  a vortex,  b)  attached  jet  entrainment.  Prototype  blue- 
flame  burners  were  designed  and  constructed  using  each  method  but  tests  revealed 
that  satisfactory  blue  flame  combustion  over  a wide  range  of  operating  conditions 
could  not  be  obtained  for  the  vortex  flow  design.  However,  smokefree,  quiet 
blue  flame  combustion  w^as  successfully  demonstrated  at  excess  air  levels  varying 
from  stoichiometric  to  30%  and  at  inlet  air  pressures  as  low  as  2"  W.G,  for  the 
attaciied  jet  burner.  Fig.2,U)  shows  a sectional  view  through  this  burner,  it 
can  be  Seen  uiiat  the  inlet  air  is  dellected  by  a solid  sucl  ice  afti-r  flowing 
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through  a slit.  As  a result  the  air  jet  stream  is  attached  to  the  solid  surface 
and  a pressure  drop  across  the  jet  layer  generates  entrainment  of  ambient  gases, 
the  phenomenon  is  known  as  the  Coanda  effect  and  was  used  to  cause  internal 
recirculation  of  combustion  products.  The  slit  width  was  1/16"  so  that  excessive 
inlet  air  pressure  drops  were  avoided,  although  relatively  low  mixing  rates  were 
inevitable.  Examination  of  Fig. 2. 10  reveals  that  this  combustor  device  features 
a degree  of  both  fuel  prevapourisation  and  fuel  vapour/primary  air  premixing  before 
the  reaction  zone,  combustor  walls  are  also  convection-cooled.  Fuel  oils  were 
injected  at  firing  rates  of  0.65  - 1.1  gph  by  means  of  pressure  jet  atomiser 
(100  psig)  and  up  to  75%  recirculation  was  deduced  by  gas  analysis.  CO  emissions 
were  less  than  20  ppm  although  fuel  rich  operation  and  other  pollutant  emissions 
were  unfortunately  not  investigated.  Instability  and  blow  off  was  erratically 
detected  at  excess  air  levels  above  30%.  Two  other  problems  encountered  were 
cooling  of  the  oil  nozzle  and  slit  mis-or ientation  due  to  thermal  expansion,  although 
both  of  these  could  be  overcome  to  some  extent  by  slight  redesign.  Torborg  and 
Janssen  (88)  obtained  further  experimental  performance  data  for  this  burner  and  in 
addition  measured  the  spectral  radiation  characteristics  of  the  device  in  the  range 
0.3  h ultraviolet  3.0  U infra  red.  The  relatively  high  background  radiation 
detected  indicated  chat  the  ultraviolet  region  was  best  suited  to  flame  sensing. 

The  radiation  intensity  was  observed  to  decrease  when  either  air/fuel  ratio  or  the 
recirculation  rate  were  increased.  Nagey  et  al  (89)  modified  Cooper  and  Marek's 
basic  design  and  experimentally  deduced  the  effect  of  recirculation  ratio  on  NO^ 
and  CO  pollutant  emissions  although  the  fuel  used  was  not  specified.  Presumably 
due  to  the  resulting  reduced  oxygen-concentration,  increased  recirculation  signifi- 
cantly reduced  NO  emissions  but  increased  CO  emissions.  In  terms  of  net  pollutant 
emissions  the  optimum  recirculation  level  was  50%,  at  which  NO  and  CO  emissions 
were  4 and  8 ppm  respectively  i.e.,  very  low.  Reeve  (90)  tested  a prototype  blue 
tiamc  burner  whicli  utilised  a coaxial  Coanda  ejector  device  to  generate  internal 
recirculation  of  combustion  products,  the  air  jet  was  atte^i.t-l  to  the  curved  surtace 
or  the  ejector  throat,  as  shown  in  Fig. 2. 11.  Pressure  let  atomisation  of  residual 


luel  oil  was  employed  and  soot-free  blue  flame  combustion  was  obtained  over  a 
range  of  air/fuel  ratios;  relatively  high  inlet  air  pressure  losses  of  the  order 
of  3 psig  were  needed  to  drive  the  recirculation  region.  Burner  operating  limits 
and  radiation  levels  ( 2p  spectral  region)  were  measured  with  the  burner  actually 
installed  in  a furnace.  Initial  startup  invariably  constitutes  a transient 
operation  problem  for  air  recirculating  type  burners,  preheating  of  the  complete 
burner  using  a gaseous  fuel  such  as  propane  is  the  solution  to  this  difficulty  which 
is  usually  adopted. 

Medley  (91)  investigated  Che  influence  of  recirculation  ratio  on  the  volumetric 
combustion  rate,  i.e.,  combustion  intensity,  for  an  idealised  oil  fired  system  and 
concluded  that: 

i)  For  adiabatic  combustion  products  recirculation  the  combustion  rate 
is  increased,  optimum  levels  depending  on  extent  of  fuel  bum  out. 

ii)  Recirculation  of  non-adiabatic  combustion  products  may  increase  or 
decrease  reaction  rates,  depending  on  the  extent  to  which  they  have 
been  cooled. 

In  the  second  class  of  heterogeneous  combustor  concepts  an  attempt  is  made  to 
transform  the  problem  from  the  two  phase  regime  to  the  single  phase,  homogeneous 
combustion,  domain.  To  achieve  this  desirable  aim  the  liquid  fuel  is  invariably 
injected  with  some  or  all  of  the  combustion  air  into  a separate  initial  section  of 
the  combustor,  where  it  is  atomised,  evaporated  and  mixed  with  oxidant  as  completely 
as  possible.  The  reactant  mixture  then  flows  into  the  combustion  zone  of  the 
chamber  where  it  is  burnt  completely  in  the  wake  mode  in  a premixed,  i.e.,  easily 
controlled  flame.  Since  the  air/fuel  distributions  are  then  adjustable  it 
follows  that  conditions  may  be  theoretically  optimised  for  minimal  net  pollutants 
emission.  In  practice  the  inlet  air  temperatures  are  usually  insufficient  to  give 
complete  fuel  prevepourisation  unless  the  air  car.  be  preheated  in  some  way. 

It  has  already  been  mentioned,  2.4(a),  that  XO^  formation  is  a strong  function 
of  local  peak  temperatures.  Hence,  in  some  local  flowfield  region  where  turbulent 
tddies  01  fuel  rich  and  fuel  lean  composition  exist,  temperature  gradients  will 
nt  ct'ssai  i i ;•  .(Iso  exi  .t  I’eak  temperatures  along  these  gradients  t an  then 
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correspond  to  the  stoichiometric  mixture,  i.e., maximum  value.  Under  these  peak 
temperature  conditions  NO^  iorraation  will  similarly  be  extremely  high,  and  con- 
siderably greater  than  that  for  the  average  temperature  of  the  overall  mixture. 

In  a prevapourising/premixing  combustor  configuration  this  situation  is  avoided  and 
NO  emissions  are  controllable.  Emission  of  soots  should  be  also  avoidable  and 

X 

suppression  of  other  pollutants  possible.  No  detailed  investigation  of  the 
emission  characteristics  of  a prevapourising/premixing  type  of  combustor  appears  to 
have  been  reported  to  date.  This  may  be  partially  attributable  to  the  fact  that 
such  combustors  possess  two  inherent  disadvantages.  Firstly  combustor  volumes 
are  increased,  and  secondly  there  are  risks  of  fuel  preignition,  or  flashback,  under 
certain  flow  conditions.  For  gas  turbine  combustors  these  possibilities  are 
extremely  unacceptable,  the  occurrence  of  flashback  in  aviation  types  is  very  diffi- 
cult to  avoid  due  to  the  large  range  in  both  inlet  temperatures  and  operating 
pressure  over  which  they  are  required  to  function. 

The  aim  in  designing  a liquid  fuelled  combustor  to  utilise  variable  geometry, 
the  third  concept,  is  to  be  able  to  vary  part  or  all  of  the  two  phase  flow  pattern. 
If  this  is  possible,  then  distributions  of  concentration,  temperature  and  velocity 
for  both  phases  may  be  also  varied,  hence  pollutant  emissions  may  be  radically 
changed  and  possibly  controlled.  Varying  the  feed  air  distribution  throughout 
the  combustor  is  obviously  one  such  way  in  which  variable  geometry  could  be  used. 

For  example,  in  a gas  turbine  combustor  the  amount  of  air  supplied  to  the  dil_tion 
zone  could  possibly  be  varied,  in  this  way  the  degree  of  quenching  achieved  and 
hence  the  ratio  of  CO  plus  UUC  to  NO^  could  be  similarly  varied.  Nagey  et  al  (89) 

postulate  that  variable  geometry  will  probably  be  necessary  to  control  combustor 
temperatures  within  narrow  limits  if  their  recirculation  combustor  (based  on  the 
work  of  Cooper  S Marek  (87))  was  to  be  able  to  power  vehicles  which  could  satisfy 
the  United  States  1976  Federal  Emission  requirements.  The  use  of  variable 
geometry  in  practical  combustors  is  nowover,  greatly  hampered  by  mechanical  com- 
plexities, the  number  of  combustor  moving  parts  would  be  greatly  increased  so  that 
reliati)jty,  not  to  menti(’n  costs,  wt'uld  ineviL.bly  siitt.-r.  Socbi  sti  cated  control 
loops  would  in  some  cases  be  demanded  i.'  actuate  the  ai  table  geoi.xtiy,  additional 
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components  would  then  be  required  to  sense  the  controlling  parameters.  Another 
problem  that  can  be  envisaged  concerns  the  materials  of  which  additional  parts 
in  general  should  be  made  in  order  to  withstand  highly  turbulent,  high  temperature 
combustor  environments  for  large  periods  of  time.  Yet  another  unknown  is  the 
response  rate  which  would  be  expected  of  an  actuating  control  system  for  effecting 
geometry  modifications  to  combustor  operation. 

The  fourth  important  concept  which  may  be  applied  to  design  low  emissions 
iieterogeneous  combustors  is  that  of  multi  stage  combustion,  in  which  the  heat 
release  from  the  fuel  is  designed  to  take  place  in  more  than  one  distinct  stage. 
Clearly  many  such  configurations  could  be  envisaged,  of  varying  complexity,  although 
relatively  little  attention  has  been  focussed  on  this  area.  Low  NO  emissions  can 
t.ieoretically  be  achieved  from  a 2 stage  combustor  in  which  the  1st  stage  is  operated 
fuel  rich  to  control  temperature  and  therefore  NO^  formation,  and  in  which  combustion 
of  the  CO/UHC  generated  in  the  1st  stage  is  completed  in  the  2nd  stage.  Interstage 
heat  removal  should  ensure  that  temperatures  in  the  second  stage  do  not  rise  to  a 
level  where  significant  further  NO^  formation  occurs.  The  problem  with  this 
scheme  is  that  soots  would  form  in  the  1st  stage  which  take  extremely  long  residence 
times  to  burn  out.  Wendt  et  al  (92)  discuss  a burner  which  utilises  2 stage  heat 
release  to  minimise  SO^  and  The  burner  is  designed  to  run  stably  on  gaseous 

fuels,  part  of  the  fuel  is  burnt  at  "moderate"  excess  air  to  avoid  soot  formation 
and  the  remaining  fuel  is  injected  downstream  of  this  primary  zone.  A reversal 
of  the  normal  pollutant  formation  reactions  is  claimed,  resulting  in  low  SO^  and  NO^ 
emissions  for  clean  fuels.  Yamagishi  et  al  (93)  investigated  a gaseous  combustion 
scheme  in  which  2 stage  air  addition  and  NO  fuel  doping  were  featured. 

Four  combustor  design  techniques  which  could  show  considerable  promise  in 
progressing  towards  the  goal  of  two  phase  combustion  with  minimal  emissions  of  each 
major  pollutant  species  have  been  discussed,  it  is  evident  though  that  new,  improved 
methods  of  emission  control  will  also  have  to  be  developed  to  reach  this  goal. 
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2 . 5 Combustor  Modelling;. 

The  design  of  heterogeneous  combustion  equipment  in  the  past  has  generally 
procei-ded  along  empirical  lines,  witn  a great  deal  of  emphasis  placed  upon  rigorous 
experimental  testing  that  can  be  both  excessively  time  consuming  and  expensive. 

More  fundamental  design  techniques,  which  as  a rule  are  employed  for  other  types  of 
engineering  calculations,  have  not  been  developed  for  heterogeneous  combustors 
because  of  their  inherent  complexity  which  was  outlined  in  Section  2.2.  In  recent 
years,  however,  a great  deal  of  interest  has  been  aroused  in  the  analytical  des- 
cription, or  mathematical  modelling,  of  both  single  and  two  phase  combustors. 

Such  modelling  seeks  to  predict  combustor  performance  parameters,  from  theoretical 
considerations,  in  order  to  aid  the  design  process  and  reduce  purely  empirical 
development  to  a minimum.  The  current  requirement  for  low  pollutant  emissions 
from  combustion  processes  has  added  another  dimension  of  complexity  to  combustor 
design.  As  discussed  in  Section  2.4  various  minor  and  gross  combustor  modifi- 
cations have  been  proposed  for  suppressing  the  amount  of  pollutant  species 
emitted  in  the  exhaust  stream  from  various  combustion  chambers.  The  value  of  a 
mathematical  model  for  predicting  pollution  characteristics,  in  addition  to 
general  combustion  performance,  can  therefore  be  appreciated.  A suitable  model 
should  aim  to  be  capable  of  parametric  evaluation  of  a particular  combustion 
modification,  with  respect  to  the  net  emission  of  all  major  pollutant  species,  in 
this  way  optimum  configurations  could  be  quickly  arrived  at.  An  advantage  to  this 
approach  is  that  sets  of  species  whose  respective  emission  indexes  (kg  pollutant / 
kg  fuel)  vary  in  conflicting  manners  with  operating  conditions  could  be  effectively 
studied,  provided  that  the  model  adequately  described  the  various  chemical  and 
physical  processes  that  were  introduced  in  2.2. 

Ideally  then  an  analytical  model  should  be  capable  of  predicting  the  following 
primary  performance  variables  under  a wide  range  of  combustor  operating  conditions: 
ij  All  major  pollutant  species  production  rates, 
ir;  Overall  co.ubustioii  efficiency, 
ill)  CjmbusLot  be. 11  release  rates 
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iv)  Combustor  blowoff  stability  limits. 

v)  Combustion  intensity. 

vi)  Overall  pressure  losses. 

No  such  model  exists  at  present  which  is  capable  of  predicting  all  this  datal 
However,  various  attempts  have  been  made  to  predict  one  or  two  of  these  variables, 
in  each  case  it  was  necessary  to  simplify  the  situation  somewhat  by  identifying 
the  processes  which  the  relevant  variable(s)  depended  most  strongly  on.  These 
processes  were  then  treated  mathematically  as  accurately  as  possible,  with  varying 
degrees  of  success. 

Two  distinct  types  of  modelling  have  emerged  to  date,  each  of  which  will  now 
be  discussed. 

2.5(a)  Chemical  Reactor  Models. 

The  underlying  assumption  on  which  this  modelling  technique  is  based  is  that 
a combustor  internal  flow  can  be  approximated  by  a suitable  network  of  chemical 
"reactors".  The  mean  combustor  flow  pattern,  plus  variation  of  mixing  rates 
throughout  the  flowfield,  predominantly  control  the  sequencing  of  the  reactors  in 
the  network.  As  will  be  seen  shortly  the  reactors  normally  used  in  any  particular 
network  are  of  twi  types,  each  of  these  represent  discrete  microsystems  in  which 
heat,  mass  and  momentum  are  conserved. 

The  first  type  of  reactor  is  termed  stirred  or  zero-dimensional.  Chemical 
and  physical  properties  at  every  point  throughout  the  reactor  and  within  the  exit 
stream  are  identical  for  a Perfectly  Stirred  Reactor  (PSR) . The  PSR  constitutes 
a theoretical  ideal  since  infinitely  high  turbulent  mixing  rates  are  required  to 
realise  such  homogeneity,  typical  combustor  pressure  losses,  however,  result  in 
finite  mixing  rates  so  that  a Well  Stirred  Reactor  (WSR)  is  defined  in  which  a 
degree  of  unmixedness  exists.  Highly  stirred  WSR's  have  characteristically  good 
continuous  ignition  of  fresh  reactants  (wide  turndown)  but  poor  burnout. 

The  second  type  of  reactor  is  referred  to  as  a plug-flow  or  one-dimensional 
rudctv  r (I’PR).  In  this  device  system  properties  are  a function  of  one  space 
cuordiiuiLe,  which  is  usually  the  mean  flow  direction  in  a cuntinuous  flow  system, 
no  cross -mi  ring  being  p<?rmitted  in  such  a system.  PFR's  understandably  produce 


good  burnout  (referring  again  to  reactors  in  which  combustion  is  present)  but  on 
the  other  hand  poor  turndown,  since  fluid  mixing  rates  are  very  low  by  definition. 

The  properties  of  these  two  extreme  concepts  could  be  illustrated  by  a hypo- 
thetical tracer  experiment,  in  which  a step-function  concentration  of  a tracer 
substance  is  introduced  into  the  feed  stream  to  each  system  at  some  instant.  The 
system  response,  i.e.,  subsequent  tracer  concentration  in  the  system  exit  stream, 
for  an  ideal  PSR  would  be  an  immediate  exponential  rise  with  elapsed  time.  The 
corresponding  PFR  response  would  simply  be  the  appearance  of  the  same  step  input 
at  the  exit,  precisely  one  mean  residence  time  later.  The  residence  time  distri- 
bution function  for  a reactor  is  the  negative  of  the  response  function  time 

I 

derivative  and  can  be  used  to  estimate  reactor  volumes,  as  demonstrated  for  a 
pulverised  anthracite  flame  by  Beer  and  Lee  (98). 

It  should  be  noted  that  additional  classes  of  two,  three  and  four  (including 
time)  dimensional  reactors  could  also  be  defined,  but  their  analysis  rapidly 
increases  in  complexity. 

It  is  considerably  easier  to  mathematically  describe  chemical  processes 
within  combusting  reactors  of  either  type,  than  it  is  to  similarly  treat  two  phase 
fluid  dynamics  and  other  physical  processes,  unless  of  course  the  reactor  volume 
in  a particular  network  is  made  differentially  small.  An  important  consequence 
of  this  situation  is  that  the  chemical  reactor  modelling  of  combustion  systems  has 
inherently  greater  potential  for  predictions  of  the  type  i) , ii)  and  iv)  mentioned 
in  the  above  section.  More  specifically,  it  is  especially  suited  to  the  prediction 
of  major  pollutant  species  emission  rates,  since  these  rely  heavily  on  the 
incorporation  of  complex  chemical  reaction  kinetics  as  discussed  in  Section  2.2(d). 
Physical  combustion  processes  arc  also  important  in  this  context,  but  to  a lesser 
extent . 

Now  the  species  and  energy  balances  for  a stirred  reactor  result  in  a set  of 
non-linear  simultaneous  equations,  solution  of  these  gives  species  concentrations 
and  tempt r.i Lure  witliin  that  reactor.  In  a plug  flow  L^pe  reactor  the  conventional 
eualvLical  Lechtiiinie  involves  a stepwise  numerical  integratrou  of  the  chemical 
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reaction  rate  equations  along  the  flow  path;  associated  problems  of  internal 
size,  solution  stability  and  computation  time  may  be  overcome  by  treating  a PFR 
as  a series  of  differentially  small  (ideally  )WSR's.  Solution  of  these  species 
and  energy  analytical  conservation  expressions  for  each  reactor  in  the  network 
yields  the  primary  model  results  of  combustor  exit  flow  composition  and  temper- 
ature. Realistic  flowfield  spatial  species  and  temperature  distributions  are  not 
obtained,  unless  oi  course  a large  number  of  again  differentially  small  reactors 
constitute  the  network. 

Turning  now  to  the  chemical  reactor  modelling  of  actual  combustion  devices, 
examination  of  available  literature  shows  that  the  gas  turbine  has  received  by  far 
the  greatest  attention  (2).  Swithenbank  and  Poll  et  al  (45)  developed  a 
homogeneous  model  which  used  Odgers  global  kinetic  rate  expression  (52)  to  enable 
predictions  of  combustion  efficiency  and  stability  limits  for  a 5 reactor  network 
(2)  to  be  made.  The  agreement  between  these  predictions  and  corresponding 
experimental  measurements  was  certainly  encouraging,  although  the  model  was  not 
capable  of  realistic  pollutant  emissions  predictions.  Hammond  and  Mellor  (99) 
used  a quasiglobal  reaction  kinetics  scheme  for  predicting  NO  and  CO  emissions 
plus  certain  performance  variables  for  a liquid  hydrocarbon  fuelled  gas  turbine; 
atomisation,  evaporation  and  mixing  effects  were  not  considered  and  no  comparison 
with  actual  measurements  made.  Roberts  et  al  (100)  produced  a gas  turbine  model 
which  included  monosized  spray  evaporation  calculations  for  similar  predictions 
whilst  Edelman  and  Economos  vlOl)  developed  a considerably  more  detailed  model 
formulation  for  emissions  predictions,  again  for  the  gas  turbine  device.  Quasi- 
global kinetics  and  turbulent  mixing  processes  were  treated  for  two  phase  flow 
with  swirl,  a comprehensive  range  of  predictions  was  therefore  produced.  For  a 
more  detailed  discussion  of  these  and  other  models,  for  gas  turbine  combustors, 
see  Poll  (2) . 

Very  little  chemical  reactor  modelling  work  for  other  types  of  heterogeneous 
combustors  has  been  attempted,  this  is  surprising  in  view  of  the  fact  that  the 
flowfield  in  some  of  these  devices  is  considerably  less  complex  than  that  of  the  gas 
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turbine.  Bartok  et  al  (102)  considered  the  prediction  of  NO  levels  from  a 
utility  boiler  type  burner  which  was  fired  with  gaseous  methane.  The  model 
incorporated  convective  and  radiative  heat  transfer  within  a simplified  plug  flow 
reactor  and  global  combustion.  Predicted  trends  were  shown  to  be  of  the  correct 
form.  Breen,  Bagwell  et  al  (103)  developed  a model  of  N'O  formation  in  power 
station  boilers,  again  for  homogeneous  combustion.  Turbulent  mixing  and  detailed 
isothermal  reaction  kinetics  were  considered  for  assumed  flame  residence  times. 

Two  main  problems  are  invariably  encountered  in  stirred  reactor  modelling, 
these  are: 

a)  The  determination  of  a representative  reactor  sequence  for  a 
particular  combustor  flowfield. 

b)  The  incorporation  of  all  chemical  and  physical  processes  within 
each  reactor.  More  specifically  it  is  apparent  that  a rigorous 
analysis  of  a heterogeneous  WSR  has  not  been  available  to  date. 

2.5(b)  Continuum  Models. 

The  second  approach  to  combustor  modelling  does  not  attempt  to  subdivide  the 
flowfield  into  a series  of  finite  zones  but  rather  to  deduce  concentrations, 
velocities  and  temperatures  at  every  point  throughout  the  flow,  hence  the  term 
continuum  modelling.  The  analytical  task  then,  is  to  solve  the  governing  fluid 
dynamic  (Navier  Stokes,  2. 2/2. 2(c))  equations  for  turbulent,  chemically  reacting 
flows.  Much  useful  work  has  been  done  in  this  field  by  Spalding  et  al  (39)  who 
have  developed  a technique  based  on  the  assumption  that  the  time  dependent  chara- 
cter of  turbulence  may  be  ignored,  this  allows  such  flows  to  be  treated  in  the  same 
way  as  laminar  ones  which  have  spatially  dependent  transport  properties.  The 
differential  equations  to  be  solved  are  then  rewritten  in  finite  difference  form 
for  a grid  of  points  usually  non-unifornly  distributed  tliroughout  the  flcwfield, 
values  for  velocity,  temperature,  etc.  are  computed  at  each  point.  Characteristi- 
cally two-dimensional  flows  have  been  considered  to  date,  these  have  been  either 
with  or  without  recirculation,  i.e.  described  by  partial  differential  equations 
v;hich  .Tte  mathematically  parabolic  or  elliptic  respei  t iv.-.l  v . Three  dimensional 

fluws  are  uialytrcally  considerably  more  cowple.'i  and  the  n;odeiiiiig  of  such  flows 
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has  not  been  attempted  to  date.  Since  the  solution  of  two-dimensional  problems 

by  finite  difference  teciiniqucs  requires  very  large  amounts  of  computer  storage 
and  processing  time,  it  is  extremely  difficult  to  incorporate  realistic  chemical 
reaction  kinetics,  as  this  would  increase  the  number  and  complexity  of  governing 
non-linear  equations.  Continuum  modelling  then  is,  at  present,  potentially  more 
applicable  to  predictions  of  the  type  iii),  v)  and  vi)  in  Section  2.5  above,  rather 
than  to  the  prediction  of  pollutant  emission  rates.  A basic  problem  encountered 
with  this  modelling  technique  concerns  the  grid  size,  which  determines  the  number 
of  points  in  the  flowfield  at  which  the  finite  difference  equations  must  be  solved. 
Clearly  a minimum  number  in  terms  of  adequate  flow  description  (in  relation  to 
turbulent  eddy  sizes)  exists,  at  the  same  time  an  upper  limit  is  imposed  by  the 
available  computer  storage  space  and  running  time,  so  that  an  optimum  must  be 
sought. 

Anasoulis  et  al  (102)  succeeded  in  obtaining  axisymmetric  solutions  of  the  time- 
averaged  N’avier  Stokes  equations  for  two  dimensional  flow  fields  in  which  heterogeneous 
effects  were  included.  A simple  equilibrium  chemical  kinetics  scheme  was  employed 
to  characterise  hydrocarbon  oxidation  whilst  NO  formation  was  rate-limited,  to  speed 
calculations  a simple  turbulence  model  together  with  a field  relaxation  technique 
was  used.  Predominantly  aerodynamic  predictions  were  presented,  as  would  be 
expected,  and  limited  comparison  with  actual  experimental  results  made. 

Continuum  modelling  then  is  primarily  a fluid  dynamic  research  tool  at  present, 
indeed  it  is  also  true  that  a considerable  amount  of  time  and  effort  is  required  to 
become  familiar  with  the  many  mathematical  techniques  employed  in  such  models.  In 
the  future  however,  one  can  envisage  that  continuum  type  models  will  provide 
superior  combustor  predictions  of  all  kinds  when  more  sophisticated  mathematical 
methods  and  more  powerful  computers  have  been  developed.  The  accurate  description 
of  two  phase,  three  dimensional  aerodynamic  effects,  with  combustion  reaction 
kinetics,  should  then  be  more  feasible. 
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2.6  6ima;..uv. 

ihe  three  iiiniorcaut  subjects  ol  heterogeneous  combustion  mechanism,  air 
pollution  and  mathematical  modelling  have  then  been  introduced  and  interrelated 
From  this  discussion  the  following  important  points  emerged: 

1)  The  major  variables  influencing  the  processes  of  atomisation, 
evaporation, mixing  and  chemical  reaction  were  identified. 

2)  Tecliniques  for  suppressing  pollutants  emissions  were  reviewed. 

3)  The  need  for  a mathematical  model  for  predicting  cmissio-is  of  the 
major  pollutants  from  two  phase  combustors  was  emphasized. 

4)  Such  a model  should  be  of  the  chemical  reactor  type  and  .nclude  the 
four  processes  mentioned  in  1),  reaction  kinetics  being  the  most 
important . 

5)  N'o  rigorous  analysis  of  a heterogeneous  WSR  is  available. 

6)  Much  research  work  has  been  couccuitrat  lid  cu  the  gas  tur.ir.e,  ' ther 
devices  liuving  reci  ived  re.lati'ely  liiLli:  .itte  n ioi’.. 


CHAl'TER  3. 


THE  BLUE  FLA>E  HETEROGENEOUS  COMBUSTOR 


3 . 1 Introduction . 

As  emphasised  in  2.4,  5 and  7 the  gas  turbine  is  the  only  heterogeneous,  i.e., 
liquid  fuelled,  combustor  type  to  have  received  any  real  attention  in  the  way  of 
pollutant  emissions  suppression  or  modelling.  Prompted  by  these  observations  a 
low  pollution  combustor,  of  medium  intensity  and  hence  direct  application  to  inter- 
mediate sized  boiler  equipraent,  was  designed  to  enable  studies  of  emission  perform- 
ance optimisation  to  be  carried  out.  To  eliminate  the  formation  of  particulate 
effluent  this  burner  promoted  blue  flame  combustion  through  the  use  of  internal 
recirculation  of  combustion  products.  Using  these  design  principles  a prototype 
burner  was  constructed  for  actual  laboratory  testing;  this  Chapter  describes  the 
burner  and  fully  identifies  the  experimental  and  theoretical  project  aims  in 
relation  to  this  device. 

3.2  Design  of  the  prototype  Blue  Flame  Burner. 

It  was  shown  in  2.5(c)  that  recirculation  of  combustion  products  to  the  spray 
formation  region  of  a liquid  fuelled  combustor  not  only  enhances  flame  stability 
but  is  also  responsible  for  the  establishment  of  blue  flame  conditions  in  which 
fuel/air  ratios  are  controllable,  i.e.  , Droplet  Wake  Mode  of  combustion. 

SjHgren  has  suggested  that  this  is  due  to  the  oxygen  dilution  effect,  which  decreases 
the  critical  velocity  (2.2(b)  ) to  zero  effectively  (13).  In  order  to  derive  blue 
flame  conditions  a burner  was  designed,  for  operation  at  atmospheric  pressures, 
which  featured  a Coanda  ejector  device  for  the  generation  of  a controlled  amount 
of  recirculation.  The  design  requirements  for  this  device  were: 

i)  good  mixing  between  the  hot  recirculated  combustion  products  and  the  fuel 
spray  and  good  subsequent  mixing  between  this  mixture  and  the  feed  air. 

The  former  is  required  for  the  promotion  of  prevapourisation  and  pre- 
mixiug,  plus  flame  stability,  whilst  high  species  mixing  rates  result 
from  the  latter.  Hence  large  turbulence  dissipation  rates  are  required, 
so  that  m.iximum  use  of  the  inlet  air  pressure  energy  is  made. 
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ii)  a means  of  controlling  the  degree  of  internal  recirculation. 

iii)  the  device  should  be  compact  to  enable  easy  accommodation  into  the 
burner  combustion  chamber. 

iv)  physical  robustness  and  capability  of  withstanding  high  temperatures. 

Fig. 3.1  shows  a scaled  longitudinal  section  through  the  jirototype  blue  flame 

burner,  which  was  of  tubular  construction.  The  Coanda  ejector  consisted  of  a 
narrow  annular  slit  adjacent  to  a curved  surface,  the  ejector  throat,  and  was 
positioned  in  the  combustion  chamber  as  shown  in  Fig.3.2(i).  Air  is  introduced 
to  the  chamber  via  the  coanda  slit  and  is  attached  in  the  forr.,  of  a jet  layer  to 
the  curved  surface,  attachment  occurring  by  virtue  of  the  Coanda  effect.  Since 
there  is  a pressure  drop  across  this  layer  (see  Fig. 3. 2 (ii) ) , the  jet  flow  has  a 
finite  entrainment  appetite,  this  is  satisfied  by  the  internal  recirculation  of 
combustion  products  around  the  periphery  of  the  coanda  unit,  as  shown  in  Fig.3.2(i). 

The  expected  gaseous  flow  pattern  in  the  remainder  of  the  burner  is  also 
illustrated  in  this  diagram,  as  is  the  main  flame  zone.  Fig. 3. 3 presents  details 
of  the  actual  construction  of  the  coanda  unit,  note  that  accurate  machining  of  the 
two  principal  components  A and  B was  demanded.  These  two  components  were  spaced 
apart  at  a distance  corresponding  to  the  slit  width  S which  was  determined  by  the 
thickness  of  the  brass  shim  interposed  between  the  two;  as  will  be  seen  in  A. 5 

1 

the  slit  width  controls  the  ejector  entrainment  ratio  and  hence  the  internal 

recirculation  ratio.  A and  B were  machined  from  mild  steel  and  locked  together 

by  three  screws;  the  complete  ejector  was  held  in  position  by  two  brass  bushes, 

plus  two  mild  steel  spacing  sleeves.  Fig. 3.1.  Now  there  is  a design  criterion 

for  the  actual  attachment  of  the  air  jet  to  the  curved  surface,  this  is  (90)  that  ^ 

the  ratio  of  the  curved  surface  radius  to  the  slit  width  should  be  at  least  25. 

Air  was  fed  to  the  ejector  unit  from  the  air  manifold  formed  by  the  burner  head- 
plate,  tailplate  and  inner/outer  casings;  note  also  that  a small  "reservoir" 
exists  behind  the  slit  for  cooling  purposes  plus  the  damping  of  inlet  air  pressure 
fluctuations.  i 

Fuel  was  iTi’ected  into  the  combustion  chainbei.  by  m^aiis  of  a simple  pressure 
jet  atomiscri  nominally  0.05  ga  1 /hr  ([)si ) ^ Flow  Nuinbei.  (O.b  gal, 'hi  at  1^;  = 160  psi). 
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which  is  shown  in  detail  in  Fig. 3. 4.  The  atomiser  was  of  relatively  low  fuel 
throughput  but  was  used  so  that  good  atomisation,  i.e.  a relatively  fine  initial 
size  distribution,  would  be  achieved.  Its  spray  angle  was  only  45°,  this  minimised 
the  undesired  impingement  of  the  spray  onto  metal  surfaces.  The  atomiser  was 
mounted  on  the  end  of  a water-coolec  copper  fuel  gun  so  that  ic  would  not  overheat, 
in  addition  a sintered  bronze  fuel  filter  was  used  as  a blockage-preventing 
precaution.  The  atomiser  seated  onto  an  annealed  copper  washer.  Fig. 3.4.  The 
resulting  fuel  spray  is  first  mixed  with  combustion  products,  to  prepare  it  for 
ignition,  and  then  progressively  with  feed  air  through  the  coanda  ejector  throat. 

In  this  way  blue  flame  conditions  plus  a degree  of  prevaporisation  and  premixing 
(2.5(c)),  prior  to  the  lain  reaction  zone  downstream  of  the  ejector,  are  both 
obtained. 

It  can  be  appreciated,  from  Fig. 3.1,  that  the  feed  air  is  preheated  in  its 
passage  through  the  air  manifold,  this  again  promotes  rapid  vapourisation  of  the 
fuel  spray.  The  most  important  feature  of  the  burner  is  the  ability  to  control 
the  overall  flame  fuel/air  distributions  and  hence  mean  flame  temperatures,  due  to 
the  design  requirement  of  V.'ake  Mode  droplet  combustion. 

Exc 'pt  where  previously  described  the  burner  was  constructed  throughout 
of  mild  steel  since  a very  large  prototype  lifetime  was  not  essential.  As 
detailed  in  Fig. 3.1,  the  larger  sections  of  the  burner  were  fastened  together  by 
means  of  BSW  nuts  and  bolts,  thin  asbestos  sealing  gaskets  being  interposed 

between  each  section. 

3.3  A Two  Stag*''  Combustor  Configuration  for  Minimal  Emission  of  Pollutants. 

The  blue  flame  burner  unit  described  in  3.2  is  intended  to  form  the  first 
stage  of  a 2 stage  combustor  configuration  for  liquid  fuels  which  is  potentially 
capable  of  minimal  emission  of  all  major  pollutant  species.  It  should  be  possible 
to  operate  this  first  stage  fuel-rich,  as  explained  in  3.2,  so  that  prevailing 
temperatures  in  this  unit  could  be  substantially  reduced,  without  the  usual 
formation  of  soots,  due  to  the  blue  flame  operation.  Since  NO^  formation  is  so 
strongly  dependent  on  peak  temperature,  see  2.5(a),  the  emissions  of  this  pollutant 
species  from  the  first  stage  should  be  low.  SO^  should  be  similarly  controlled 
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because  it  is  predominantly  sensitive  to  local  oxygen  concentration.  Combustion 
is  then  completed  in  the  second  stage  with  secondary  air  where  the  CO  and  UHC, 
evolved  as  a result  of  the  first  stage  fuel-rich  operation,  are  burned  off.  Inter- 
mediate heat  removal  between  the  two  stages  is  employed  to  reduce  the  second  stage 
flame  temperature  to  levels  where  further  NO^  formation  is  small.  Emissions  of 
all  the  major  pollutant  species  from  the  2 stage  combustor  should  then  be  supp- 
ressed, provided  that  complete  combustion  of  UHC's  etc.  is  obtainable  in  the  second 
stage.  As  explained  in  2.5(c)  the  2 stage  combustion  idea  is  certainly  not  new, 
although  the  concept  of  using  a blue  flame  burner  for  the  tirst  stage  perhaps  is. 

The  2 stage  combustor  described  above  is  illustrated  schematically  in  Fig. 3. 5,  it 
is  anticipated  that  control  of  the  2 stage  device  could  be  effected  by  means  of 
a peak-seeking  control  system  with  an  infra  red  detector  on  the  second  stage  to 
sense  overall  stoichiometric  operation. 

This  project  focusses  its  attention  upon  the  blue  flame  burner,  i.e.,  the 
first  stage  unit,  since  the  characteristics  of  this  device  largely  control  the 
overall  combustor  performance  with  respect  to  pollutant  formation.  The  succeeding 
stages  of  heat  removal  and  final  burnout  are  considered  to  be  relatively  conventional 
operations  and  to  require  less  attention  at  present. 

3. A Modelling  of  the  Blue  Flame  Burner  (BFB) . 

The  value  of  an  analytical  model  for  predicting  the  emission  performance  of 
heterogeneous  combustors  was  clearly  demonstrated  in  section  2.6.  For  the  actual 
optimisation  of  the  BFB  emission  performance  it  was  therefore  decided  to  develop 
such  a mathematical  model.  The  model  was  required  to  be  applicable  to  this 
particular  combustor,  but  to  proceed  preferably  along  general  lines  to  enable 
application  to  other  liquid  fuelled  combustor  types. 

The  prediction  of  soot  formation  for  the  BFB  is  conveniently  not  required  by 
definition.  As  mentioned  in  2.2.  (d)  the  reaction  kinetics  for  CO  and  .NO  formation 

X 

are  reasonably  well  known,  hence  a primary  requirement  of  the  model  was  that  it 
shouJ'i  be  capable  of  prediction  of  these  two  species;  since  the  emission  index  of 
each  ct  these  spe.,.ie=.  frequently  vary  in  a i.  onf  1 ioting  maiuiei  (2.5(a)),  this  should 
provide  a good  test  for  Llie  model.  Ihe  reaetiuu  kinetics  describing  SO^  formation 
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are  not  widely  agreed  upon,  so  that  the  burner  was  run  on  kerosine  since  this 
fuel  is  usually  relatively  sulphur-free. 

The  BFB  should  also  be  a convenient  device  to  model  since  its  expected  flow 
pattern,  3.2,  is  relatively  simple;  this  is  certainly  true  when  compared  with 
that  of  a gas  turbine,  2.4(a).  The  BFB  flow  pattern  in  fact  is  largely  two- 
dimensional  . 

As  concluded  in  2.7,  a WSR  submodel  in  which  evaporation,  turbulent  mixing  and 
complex  reaction  kinetics  are  all  incorporated  is  required.  Tne  stirred  reactor 
network  should  also  include  internal  recirculation  effects,  hence  a submodel  for 
the  coanda  ejector  unit  entrainment  parameter  is  needed. 

3 . 5 Experiniental  Measurements  Required. 

Kerosine,  then,  has  been  selected  as  a test  fuel  for  the  BFB  due  to  modelling 
considerations,  use  of  this  fuel  has  a second  advantage  in  that  it  can  be  atomised 
extremely  efficiently,  this  being  due  to  its  favourable  physical  properties. 

Hence  sprays  of  relatively  fine  initial  size  distribution  should  be  produced  by  the 
pressure  jet  atomiser,  this  is  desirable  from  a blue  flame  combustion  standpoint 
due  to  superior  evaporation  rates  plus  lower  extinction  velocities,  2.2(b). 

Testing  of  the  prototype  burner,  with  kerosine  as  the  fuel,  is  hence  required  in 
order  to  ascertain  practical  blue  flame  operating  limits;  in  addition,  the 
necessary  air  pressure  drop  to  drive  the  burner  needs  determining.  Clearly  the 
prototype  should  also  be  test-run  on  lower  grade  fuels. 

In  order  to  test  the  emission  performance  of  the  BFB  it  was  decided  to 
measure  the  composition  of  its  exit  flow  with  respect  to  CO  and  N’O^  over  a range 
of  operating  conditions.  It  would  then  be  possible  to  directly  compare  the  experi- 

mentally-determined values  for  emission  oi  these  two  major  pollutant  species,  with 
the  corresponding  predictions  of  the  raathematiial  model  for  these  species.  This 
type  of  critical  comparison  is  considered  to  be  essential  to  the  development  of 
reali Stic  models. 

A second  type  oi  exper iraental  measurement  is  clearly  necessitated,  this  being 
that  of  iiiodel  input  information.  li  stl.  , the  burner  fi»w  ,vatLeru  requires 
der.irled  exper  iineuta  1 investigation,  so  that  the  suitable  stirred  reactor  network 

Id! 


can  be  confirmed  for  this  flowfield. 


Further  to  this  it  is  apparent  that  any 


measurements  which  could  assist  the  characterisation  of  flowfield  turbulent  mixing 
rates  would  be  extremely  valuable,  2.2(c),  this  would  certainly  aid  the  selection 
of  reactor  types  (i.e.  WSR  or  PFR)  needed  throughout  the  network.  Secondly  the 
entrainment  characteristic  of  the  Coanda  ejector  unit,  and  hence  the  combustor 
internal  recirculation  characteristic,  requires  actual  measurement.  Also  the 
atomiser  fuel  mass  flow/injection  pressure  calibration  requires  determination. 

The  other  important  atomiser  characteristic  to  be  measured,  for  a range  of  operating 
conditions,  is  the  initial  droplet  size  distribution  produced. 

3 . 6 Summary . 

1.  A blue  flame  burner  (BFB)  has  been  designed  and  constructed. 

2.  The  BFB  is  intended  to  form  the  first  stage  of  a 2 stage  heat 
release  combustor  which  is  potentially  capable  of  minimal  emission 
of  all  major  pollutant  species. 

3.  The  BFB  stage  forms  the  subject  of  this  study  since  the  charact- 
eristics of  this  device  largely  control  the  overall  emission 
performance  of  the  2 stage  configuration. 

4.  It  is  proposed  to  develop  a mathematical  model,  of  the  chemical 

reactor  type,  for  this  burner.  Primary  predictions  required  are 

BFB  CO  and  NO  emissions, 
x 

5.  The  experimental  characterisation  of  BFB  exit  flow  composition, 
with  respect  to  CO  and  NO^,  is  required. 

6.  It  is  intended  to  compare  the  results  of  4.  and  5. 

7.  Various  additional  experimental  measurements  are  required  as  model  input 
information,  these  have  been  identified. 

Project  objectives  have  thus  been  defined  more  fully. 


CHAPTER  4. 
THEORY . 


4. 1 Introduction. 

This  Chapter  presents  the  basic  stirred  reactor  theory  which,  as  outlined  in 
2.6(b)  and  3.4,  is  required  for  the  construction  of  a mathematical  model  of  any 
heterogeneous  combustor  to  enable  the  prediction  of  pollutant  emission  performance. 
Whilst  this  analysis,  given  in  4.2,  is  of  completely  general  application,  the 
succeeding  analyses  for  the  blue  flame  burner  (BFB)  spray  atomisation  and  evapor- 
ation processes  are  unavoidably  more  specific,  4.3  and  4.4  respectively.  In 
addition,  a simple  model  for  the  co.inda  ejector  entrainment  performance  is  given 
4.5,  this  enables  the  prediction  of  burner  internal  recirculation  levels  to  be  made. 

4 . 2 Heterogeneous  Well  Stirred  Reactor  Analysis. 

In  the  WSR  analysis  the  liquid  phase  is  considered  as  being  present  in  the 

reactor  in  the  form  cf  a spray  of  fuel  droplets,  around  which  the  bulk  gaseous  phase  ; 

! 

coexists.  Contrary  to  usual  practice  the  volume  of  the  reactor  occupied  by  the  1 

I 

liquid  phase  is  assumed  to  be  finite  even  though  it  is  small  due  to  relative  densities.  { 
This  allows  the  development  of  a more  rigorous  analysis  which  is  capable  of  general 
application,  and  in  particular  to  the  case  of  a heterogeneous  combustor  primary  WSR, 
in  which  very  dense  fuel  sprays  may  be  present.  It  should  be  appreciated  that  for 
most  reactors  the  ratio  of  gaseous  phase  to  liquid  phase  volume  is  very  high  indeed. 

Although  the  three  processes  o':  evaporation,  mixing  and  chemical  reaction 
usually  proceed  more  or  less  simultaneously  in  any  combustor,  2.2,  it  is  convenient 
to  fomulate  the  analysis  so  that  they  are  considered  to  occur  in  any  STEADY  STATE 
reactor  in  se.ries,  which  roens  reasorahle  physical  1''.  Tlii  s starting  point  enables 
th<;  evaluation  o “ ro.n yase.  vis  phase  spe.crcF.  c''nccTi  tra.'','’ cnr>  after  the  evaporation 
and  -lirting  procos.''':o,  tlicse  ''Intermediate  repcGnfation.s"  then  effectively  define 

’'osioqer’oo’js  Toed’  'm  th''>  chemical  reaction  procorr,  i.c.  PSR  type  calculations . 
:biisticn  schieme  in  rbivwn  in  TaLie  IV  belov;,  the  oxidant  being  assumed  to 
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TABLE  IV. 


WSR  COMBUSTION  SCHEME 


(1) 

(2) 

(3) 


Liquid  fuel 


-*■  Evaporated  fuel  (unmixed) 


Evaporated  fuel  (unmixed) 
Oxygen  (unmixed) 

Nitrogen  (unmixed) 


-*■  Evaporated  fuel  (mixed)  } 

-*•  Oxygen  (mixed)  j 

->■  Nitrogen  (mixed)  } 


Evaporated  fuel  (mixed) 
+ 

Oxygen  (mixed) 

Oxygen  (mixed) 

+ 

Nitrogen  (mixed) 


} 

} 

} 

} 

} 

} 

■« 

} 

} 

} 


Combustion  products 


EVAPORATION 


MIXING 


CHEMICAL 

REACTION 


to  consist  of  oxygen  and  nitrogen  i.e.,  air.  It  is  important  to  consider  the 
mixing  between  these  two  components  of  air  since  NO^  pollutant  predictions  are 
required;  the  intimate  mixing  of  the  oxygen  and  vapourised  fuel  species  on  a mole- 
cular scale  is  a prerequisite  of  combustion. 

The  feedstream  to,  or  product  stream  from,  any  reactor  is  assumed  to  be 
composed  of  any  or  all  of  the  eight  general  species  in  the  above  scheme  - with  only 
fuel  existing  in  the  liquid  phase.  This  is  important  as  the  analysis  then  becomes 
completely  general,  enabling  application  to  any  reactor  in  a particular  network. 

Fig. 4.1  shows  the  composition  of  the  general  tw^o  phase  steady  state  reactor,  note 
that  the  liquid  phase  is  drawn  coalesced  in  the  interests  of  simplicity.  Transfer 
from  the  liquid  phase  to  the  gaseous  phase  is  provided  by  a mean  fuel  evaporation 
rate  FE;  the  rest  of  the  variables  to  be  used  are  fully  explained  in  the  Nomenclature 
The  analysis  also  assumes  that  the  product  stream  conditions  are  identical  with  those 
in  the  reactor  and  that  the  mean  residence  time  of  each  phase  in  the  reactor  is  the 
same.  The  latter  assumption  is  theoretically  incompatible  with  the  existence  of 
a relative  velocity  ’"O'wer"  the  bulk  pasas  and  the  fuel  droplets,  although  it  greatly 
simnli  f ier  both  the  Vi">.  rr  s and  the  cadruLcticn  o'^  fuel  distribution  around  j 

.nv  particular  rcact'^r  retwork.  This  assumuticn  is  eriployc.d  as  a first  approxi-  ' 

nation  in  this  study  but  a refinement  could  he  made  to  incorporate  unequal  phase  j 

residence  time  effects.  j 
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The  other  assumption  made  is: 

Rate  of  formation  of  mixed  fluid  = (mass  of  unmixed  fluid) /t  , 

D 

this  rate  being  considered  to  be  the  same  for  each  of  the  three  species  in  (2) 
listed  in  Table  IV.  is  the  characteristic  turbulence  dissipation  time,  which 

may  be  shown  (2.2(c)),  to  be  related  to  the  system  geometry  and  operating 
conditions . 

Total  reactor  mass  = m + e (4.1) 

.’.  Total  reactor  volume  = ~ + — = V + V = V 

Pg  Pl  ^ ^ 

The  reactor  mean  residence  time  is  defined  using  exit  conditions,  since  these 
are  representative  of  reactor  conditions,  as: 

= — = -•  (4.2) 

O • • 

^2. 

Using  (4.1) 

(4-3) 

S ( ’^2  ^2 

Gaseous  phase  mass  balance. 

. . , tir  dm  (4.4) 

’"l  - “2  ^ ^ - dt 

Liquid  phase  mass  balance, 

S - '2  - * ■ ft  

Note:  m^  < tri^  , ^ ^ 

Mass  balance  on  unmixed  fluid  in  the  i;asecus  phase. 

d(r.^)  ) irj 

n • A I • A t'  . 

— ; = m,  (})  - m„  + IL 

dt  1 ’^u  2 

i.e.  all  evaporated  ]:quid  enters  the  unmixed  fluid  before  mixing. 
d<f.  , m(|) 

.'.  m + (fi  ==  ra,  <J>  ' - m.,  4>  ~ — + FK  - (4.6) 

dt  u dt  u 2 u 

Subtractin';  4 rJ ’>■/'•)  frc'~i  (4.6): 

d4  m4 
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Now,  at  steady  state  = 


dm  u 


m 

m. 


dt  dt 


m 


m2  ~ FE 


0 so  that: 


m/ni2 

1 - FE/m„ 


S 

(1-B) 


(4.7) 


where, 

Hence: 


where. 


SD 


FE/m2  (dimensionless) 


^ - -ii  + _ (1  - 4,  ) 

4.^' (1-6)  + 6 

1 ^ -^SD 


Tg/Tp  = unmixedness  parameter  (2.2(c)) 


(4.8) 


(4.9) 


For  given  , FE  and  feed  conditions  then,  (4.9)  and  (2.22)  define  the  proportion 
du 

of  the  steady  state  reactor  gaseous  phase  which  is  unmixed  (final  reactor  value), 
in  practice  this  will  be  small  for  all  but  inefficient  reactors. 

Composition  of  feed  stream  for  fuel  vapour  reactant: 


“1  ^f'  = 


+ m^(l  - 4^') 


.-.  C^'  = 4,;  u)/  + y/ 


(4.10) 


.f  ' 't'u  “-f  • '•'u  ' 'f 

Similarly  for  feed  stream  oxygen,  nitrogen  and  also  for  any  other  general 
combustion  species  (subscript  cs  and  only  existing  in  tb.e  mired  gaseous  phase): 
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c' 


4 'w'  + (1  - 4 ' ) 


'^u  0 


u ^ ' 0. 


- O >'cs 


(4.11) 

(4.12) 

(4.13) 


Analogously  the  reactor  composition  may  be  expressed: 
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(4.14) 


[nr  (i)  the  supfirsrript  * denotes  intermediate  values  i.e. 
reaction. 


(ii)  N 


CO  + CO 

2 ''2 


1] 


Unraixed  fuel  vapour  mass  balance . 


d(ni'*^  co^) 


dt 


But,  L.H.S.  of  (4.15) 


‘1  ^u'  “f'  ‘“2  '"u  '"f 


^ ^ dm 

-dT  ^ “dT  ^ ^“f  dT 


m4)  0)^ 
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dis)  - 

1; 

since  -^r—  = 0 also, 

at 


0 = (i-e)  c^^/co^’  - + e - Tgj^ 

<>^^'(l-d)u^'*B_  co^'-v(5 


using  (4.9) 

Un m i xe d oyy'gen  mass  balance. 
d(mi>  ^ “09^ 


()  ' (1-e)  + B 
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md)  co„ 


dt 


m-T  >{),,'  c^' 


' - il 


m..  0 CO, 


1 2 '*'u  ”0 


do. 


Hence  using  the  above  technique  and  ^ : 

'0. 


<!>u'  ’ 


<^^'0  - D + B 


Ur.mixcd  nitrogen  mass  balance 


d(o'>^^  uj,]^) 


m|)  b\, 

U N, 
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So  that: 
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In  order  to  dor:.’'e  the  rc'"’..rrcd  exnrcssions  for  the 
0.1  the  mixed  rca::rnts  and  o'-.No-  C'-mbur/-ion  mcnies,  m.esr. 
cn  the  r.ixec  por  :ion  of  the  reactor  gat^^’cs  p!iase. 


before  chemical 


(4.15) 
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(4.16) 


(4.17) 

(4.18) 

(4.19) 

(4.20) 

interrrediate  concentrations 
balances  are  nov:  performed 


Mixp.d  fiipl  vapour  balancfi 


dr. 
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dy^* 


ExpandinB  the  L.H.S.  of  (4.21)  and  using  -~ 


0 = (1-B)(1-<J.,’)y/  - (l-<!>,)Yf*  + 


Yf*  = 


■U  ■ 'f  '*  "u"f  ■ '"u  f^SD 
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(1  - <>.,) 


Hence,  using  (4.9)  and  (4.16)  ; 
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(l-6)(l-»  'Kl*T5„)Yf'«5„W,;a-6)»£'  *6)  (4.22) 


M i xc d oxygen  moss  balance. 

d(in(l-(?jY*Q  ) 
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(4.23) 


dY*,- 


Using 


ct 
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-■  0,  a similar  c::p;-cssion  is  chtaiucd: 
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(4.24) 


Mixed  nitrogen  mass  balance. 
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So  that: 
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General  combustion  (non  reactant)  species  nass  balance. 
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(4.27) 
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(1-8)(1-<J^')  + T 


SD 


Equations  (4.22,24,26,28)  thus  define  the  required  homogeneous  feed  prior 
to  chemical  reaction.  Examining  these: 


A - For  (()  ' = 1 


i.e.  a feed  of  unmixed  reactants  only. 

y * = (l-6)Uf'  + 6 


(l-6)o 
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Having  defined  the  'intermediate'  composition  of  the  gaseous  phase,  i.e. 
after  the  evaporation  a^d  mixing  processes,  tvo  further  balances  can  be  made 
in  order  to  characterise  the  reactor  gaseous  phase  final  composition,  i.e.  after 


the  final  chemical  rc.action  process. 


Theca  balances  arc  the  familiar  rate- 


limited  PSR  governing  equations,  in  modified  form,  although  again  for  steady 
state.  During  tlie  chemical  reaction  process  the  mixed  gaseous  phase  concentrations 
y*  change  to  give  tlie  final  values  y;  the  unmixed  gaseous  phase  concentrations  o 
naturally  are  unaltered  although  these  species  do  contribute  to  the  mean  gaseous 
physical  properties  of  i)  enthalpy,  ii)  specific  heat,  iii)  density  and  iv)  molecular 
weight. 

Chemical  reaction,  mixed  species  mass  balance. 


m 

£ — (y* 
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for  i = 1,  MT  . 
Chemical  reaction 


- " "^u^  ^i  " ° 

MT  = Total  number  of  mixed  gaseous  species. 
, gaseous  phase  energy  ba 1 ance . 


(4.29) 
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(4.30) 


i=MT+l 


H =0  for  adiabatic  operation. 

L 

The  species  chemical  kinetic  production/destruction  rate  is: 
NR 

P,-  = 


. - 6.  .)(F.  ~ B.) 
j IJ  J J 


(4.31) 


j=l 

Now  the  forward  and  backward  (respectively)  reaction  rates  are  related  to  the 
reactor  gaseous  phase  (mixed)  species  concentrations  by  the  expressions: 

MT 


F.  = f.X.  J 
J J J 


B.  = b.X.°J 
J J J 


6 . , 
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(4.33) 


where  X.  is  a third  l.or’.--  . 
J 


a a dissociation  ro.iction: 


d.  . ^ (1-4-  ) ~ 
ij  V u W 


(4.34) 


The  forward  reaction  rate  constants  are  defined  as: 


fj  = T J exp  (-E./RT^) 


(4.35) 


The  backward  reaction  rate  constants  are  simultaneously  fixed  by  means  of  the 


reaction  equilibrium  constants: 

K = f V 
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ij  ij 


kP(r'tj^  ^ 


(4.36) 


(4.37) 


exp  (-AFj/RT^) 


(4.38) 


exp  - V 

L /-. 
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(.i.-6..)Fi  /RT^ 


(4.39) 


The  system  of  equations  is  comp.i.etcc’.  with  the  equation  of  state: 


■ “g  IT  h ■ V"-'-2  / <«-♦,)  y o„Tr> 

U 1 2_j  1 

1=1  i=IfT+l 


(4. AO) 


Now  the  thermal  properties  of  each  species  are  described  by  means  of  the  general 


polynomials: 


’34 

C /R  = a,  + a.,T  +;  a_T  ‘ + a.T  + a.T  

p i.  3 A 5 

H^/RT=  T + — T^-  + T-^  + 

a a „ a,  „ A 

F^/RT=  a^(l-lnT)-  T - T - T^  - ^ T - ^ 


(4.A1) 


(4.42) 


(4.43) 


, the  coefficients  for  a large  range  < f species  are  presented,  McBride  et  al  (110), 


a.,  ^-7  for  err’-,  species  '’cing  pi'-en  for  e.ii.h  of  the  two  temper;' '•  a ranges  300->-1000K 


(4.44) 
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(4.45) 

(4.46) 

(4.47) 

The  complete  system  of  equations (4. l-»’47)  characterises  the  general  heteroger^ous 
partially  stirred  reactor,  WSR,  for  steady  state  operation.  Application  is  readily 
extended  to  the  homogeneous  case  by  specifying: 


4.2(a)  WSR  Solution  Technique. 

Equations  (4.1-47)  constitute  a highly  non  linear  set  of  equations,  due  very 
largely  to  the  exponential  dependence  of  chemical  reaction  rates  upon  temperature, 
(4.35,38).  In  addition  FE  is  a complex  function  of  temperature  T^  and  staytime  tg, 
as  will  be  shown  in  4.4.  Hence  the  WSR  govo.rning  equations  have  to  be  solved 
iteratively,  as  Fig. 4. 2 illustrates.  This  technique  is  based  on  the  numerical 
method  of  PSR  solution  developed  by  Osgerby  (115),  in  which  a Newton  Raphson 
correction  procedure  is  employed  to  converge  on  the  PSR  system  solution,  from  an 
initial  guess.  Before  this  WSR  solution  technique  can  be  used  it  is  necessary  to 
Supply  a reaction  kinetic  scheme,  rate  data,  thermodynamic  daLa  plus  the  prevailing 
feed  conditions.  Fig. 4. 2 also  shows  the  initialisation  steps  required  by  the 

technique,  note  also  that  an  equilibrium  composition  calculation  constitutes  the 
initial  guess.  Details  of  the  equilibrium  calculation  are  given  in  Appendix  E. 

An  inherent  advantage  of  the  WSR  formulation  presented  above,  4.2,  is  that  the 
already  developed  Newton  Raphson  mathematical  procedure  of  Osgerby  can  be 
incorporated,  after  a certain  amount  of  inodif ication  which  is  outlined  in  Chapter  7. 
Further  details  of  the  actual  Newton  Rapiir.on  procedure  are  given  in  Reference  (115). 


•’I 


I 


4.2(b)  PFR  Form\ilation. 

As  described  in  2.5(a)  a PFR  may  be  reasonably  approximated  by  a series  of 
10  WSRs  in  order  to  simulate  the  characteristic  burnout  produced  by  this  type  of 
reactor.  The  first  WSR  "subvolume"  may  be  solved  using  the  iteration  technique 
just  described  whilst  the  second  and  subsequent  subvolumes  may  be  solved  in  the  same 
way  but  with  a modified  initial  guess.  The  new  initial  guess  is  provided  by  a 
linear  extrapolation  for  T and  from  the  previous  subvolume  converged  values. 

4.3  Pressure  Jet  Atomiser  Characteristics. 

As  explained  in  2.2(a),  Bowen  and  Joyce  (6)  obtained  a set  of  empirical 
correlations  for  describing  the  Rosin  Rammler  Initial  Size  Distribution  (ISD) 
characteristic  for  any  given  pressure  jet  atomiser  and  injection  pressure  P^. 

A modified  version  of  these  correlations  was  employed  for  the  prediction  of  atomiser 
ISD  in  the  blue  flame  burner  mathematical  model. 

Using  the  same  notation  as  in  2.2(a)  ; 


k 

^ “ (0.3358  - 0.02427  F) 

f 

log^Q  k = 2.7008  + 0,2162  F 

" (0.3712  - 0.025C9  1) 


(4.48) 

(4.49) 

(4.50) 


As  discussed  in  Chapter  7 the  values  of  x predicted  by  (4.48)  did  not  correspond  to 
the  experimentally  determined,  (5.7),  value.  The  value  of  the  ratio  (x/SMD)  as 
predicted  by (4. 48-50)  did  correspond  to  the  experimentally-deduced  value  however. 

In  view  of  this,  the  above  correlations  were  adjusted  so  that  they  predicted  the 
measured  Rosin  Rammler  parameters  (superscripted  variables): 


x"  - X (0.6119  - 0,011  P.)  ) 

) (A. 51) 

SMD"  ^ SMD(0,6119  - 0.011  P,.)  ) 

Nov7,  the  Rosin  Pirmlc’:  c—'cncr.t.  is  given  by  t’.-o.  equation: 


) 


I'  ( 1 - 1 ’’n ) 


U-l'/ny 


(4.52) 
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since  the  Garana  Function  r(z),  which  is  defined  mathematically; 


r(z)  j t"=”^  e'*'  dt  (4.53) 

o 

has  the  following  recurrence  relation: 

r(z+l)  = zr(z)  = zl  (z  > 0)  (4.54) 

Now,  for  the  following  range  of  z and  hence  n,  the  Gamma  Function  may  be  conveniently 
fitted  by  the  polynomial: 

2 3 4 5 

r(z+l)  = 1 + a^z  + a^z  + a^z  + a^z  + a^z  (4.55) 

= - 0.5749 

= 0.951?. 

a^  = - 0.6>/99 

= 0.4?45 

a.  = - 0.1011 

for  z = (1  - 1/n)  and  0$z$l  i.e.  nil 

the  polynomial  being  obtained  from  Hastings  (118).  For  given  x",  SMD"  then, 
equation  (4.52)  may  be  iteratively  solved  for  n. 

Before  the  above  correlations  can  be  used  it  is  first  necessary  to  know  F as 
f(P^)  as  accurately  as  possible  for  the  BFB  atomiser,  the  experimental  determination 
of  this  function  is  fully  covered  in  (5.6). 

Fig.  4.3  shows  the  ISD  characteristic  for  this  atomiser  which  is  predicted 
using  equations  (4.48-55);  the  volume  fraction  of  the  spray  in  each  of  20  size 
intervals  of  12y  is  given  for  a range  of  fuel  injection  pressures.  Thus  the  size 
distribution  of  the  fuel  spray  generated  by  the  burner  atomiser  can  be  directly 
computed  and  used  as  input  to  the  evaporation  calculations. 

4.3(a)  Spray  Initial  Mean  Velocity. 

Equation  (2.9)  m’v  be  uced  to  calculate  v^(o),  the  spray  initial  mean  velocity, 

for  a preesvre  je‘:  at^'-^ir^''  pro^'iding  that  t’'c  confficient  of  discharge  at  any 

is  l-.vot-m.  Tlpler  r id?  a series  o.‘"  roo.G'’-ene-ts  of  for  a range  of 

ase  at''“ii''err,  vi.th  'vr;  o-i.fice  di.">'’'etor.s  d , F.in.A.A.  Kov;  d for  the  blue 

o'  o 
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flame  burner  atomiser  is  0.008  inches,  i.e.  outside  the  range  of  Tipler's  data, 
as  Fig. 4.4  shows  this  data  was  extrapolated  (by  means  of  a crossplot)  to  this  value  of 
d^.  The  extrapolated  curve  was  fitted  by  the  simple  expression: 

= 0.0564  + 0.0117  + 0.00312  (4.56) 

(0  $ P^  5 200  psig) 

3 

For  kerosine  fuel  of  density  790  kg/m  , equation  (2.9)  becomes; 

V (o)  = 4.179  C (P.)^ 

s V f 

Now  the  cone  angle  of  the  atomiser  is  45°,  as  illustrated  in  Fig. 4.5,  so  that  the 
mean  droplet  trajectory  angle  0 is  equal  to  11.25°.  Hence  the  final  expression 
for  (o) : 

Vg(o)  = 4.179  C^(P^)^  cos  0 = 4.098  C^(P^)^  (4.57) 

Hence  for  any  t’.je  corresponding  (o)  is  readily  computed  for  use  in  the  time 
dependent  evaporation  calculations.  The  actual  atomisation  process  is  assumed  to 
be  instantaneous. 

4 . 4 Iivaporation  Theory. 

The  basic  requirement  of  any  theory  which  attempts  to  describe  the  evaporation 
rate  of  a multisico  fuel  spray  is  for  an  expression  which  describes  the  evaporation 
rate  of  a droplet  of  given  diameter.  Virtually  all  the  expressions  proposed  to 
date  have  been  for  the  Diffusion  Mode  rather  than  the  Wake  Mode  of  droplet 
combustion. 

Probert  (IG"!  was  the  first  investigator  to  assume  that  the  evaporation  rate 
is  proportional  to  droplet  diameter,  fe  derived  the  well  knot,’  d^  law  which  has 
been  widely  employed  in  combustion  models  for  monosize  sprays  and  frequently 
validated  experimentally,  e.g.  (19).  Many  of  the  droplet  coi.,bustion  models  that 
have  been  formulated  to  date  have  been  based  on  the  spherico-symmetric  approach 
for  steady  state  ir.obaric  conditions  and  single  component  spherical  fuel  droplets, 
these  models  liavo  bcc"’  rr-'ir-v.-ed  by  V'il  Ilf’s  (20).  Fig.  4. 6 il.li'strates  the 
gascoti.s/lic/'id  pbooe  - o” f )>.■  r pi  nccsses  consi dio.rcd  in  such  <en  approach.  The 
droplet  evan^-Ates  and  rets  as  a .source  of  va-'ou’:,  since  the  ox'.c’ant  and  fuel  are 
initially  separate,  the  fuel  vapour  and  oxidant  br"n  in  a molecular  diffusion- 
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controlled  flame  surrounding  the  vapour  film.  Heat  is  transferred  by  conduction 
from  the  flame  zone  to  the  droplet  to  provide  the  latent  heat  of  vapourisation  of 
the  fuel  droplet.  The  following  simplifying  assumptions  are  usually  made: 

i)  exothermic  chemical  reaction  between  the  fuel  vapour  and  oxidant 
occurs  in  the  flame  zone,  where  they  combine  in  stoichiometric 
proportions . 

ii)  chemical  reaction  occurs  instantaneously  so  that  the  flame  zone  is 
infinitely  thin,  the  partial  pressures  of  both  fuel  vapour  and 
oxidant  are  zero  at  this  point. 

iii)  chemical  reaction  proceeds  to  completion,  so  that  it  requires  no 
activation  energy. 

iv)  the  droplet  temperature  is  uniform  and  equal  to  the  fuel  boiling  point. 

v)  radiation  and  thermal  diffusion  effects  are  negligible. 

vi)  the  Lewis  number  is  unity. 

Godsave  (21)  obtained  an  expression  for  m^.  which  was  a function  of  flame  radius, 
this  suffers  the  drawback  that  this  radius  is  extremely  difficult  to  estimate  since, 
as  has  already  been  demonstrated  (Fig. 2.5),  the  reaction  zone  distorts  under  the 
smallest  relative  velocity  - even  without  taking  turbulence  effects  into  account. 
Other  examples  of  solutions  to  the  spherico-symmetric  model  governing  mass  and  energy 
balances  are  provided  in  references  (22-26).  All  of  these  are  naturally  applicable 
to  the  diffusion  mode  of  droplet  combustion  and  all  assume  cons' ant  transport  prop- 
erties in  order  to  simplify  the  derived  expressions  for  practical  use.  The  latter 
is  a drastic  assumption  since  transport  properties  are  a strong  fv-ction  of  both 
chemical  composition  and  tem'-'erature . 

More  sophisticated  analyses  of  evaporation  effects  have  be/'n  developed  with 
varying  degrees  of  success,  for  a review  of  these,  see  Vjilliams  (?^). 

Frr  the  WFR  model  and  blue  flame  conditions,  i.e.  droplet  wa’se  mode  of 
combustion,  an  expression  for  d“oplet  evaporation  rate  £jlv  is  required  since  the 
burning  prcccrs,  is  i ".'■.cgral  to  tl'c  spho“ioo-n;-mrct::ic  type  model,  is 

described  by  separate  reaction  kinetics.  The  vapoiiriseri  fuel  in  the  wake  mode 
of  combustien  is  cons’ c’o-o.d  to  mi:;  and  subsequently  react  v’th  oxidant  dovarstream 
from  the  droplet  of  origin,  er  discussed  in  2.2*'b). 
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4.4(a)  Blue  Flame  Combustion,  Evaporation  Rate  Expression. 

Now  in  the  general  spherico-syTruTietric  evaporation  model  of  Wise  et  al  (120)  the 
following  equation  for  static  evaporation  rate  is  derived: 


Y cc  Y oc 

r 0„,oo  1 , ‘o„=o  2T] 

‘"L!  ■ -r  -'-><1  ♦ -T-)  J 


(4.58) 


where , 


S P ^B 


^i^(^-l) 

^B  \ 


Instead  of  making  the  common  assumption  of  constant  thermal  properties  it  is  now 
assumed  that,  for  blue  flame  conditions,  the  ratio  of  ^/i  is  very  small.  This 
is  justified  by  the  fact  that  the  gaseous  oxygen  concentration  is  sma.  anyway  under 
these  conditions,  2.2(b)  and  2.5(c),  also  by  the  fact  that  the  stoichiometric 


oxidant/fuel  ratio  for  kerosine  is  about  14.  Hence  (4.58)  becomes: 


4TTAjjr^ 


In  1 + B 


(4.59) 


where,  B 


— (T^  ~ Evaporation  transfer  number  for  blue  flame 

conditions . 


The  evaporation  expression  (4.59)  is  realistically  independent  of  either  oxygen 
concentration  or  stoichiometric  mixture  ratio,  the  expression  reflects  the  observation 
that  evaporation  is  a heat  transfer  controlled  process. 

The  region  B properties  of  specific  heat  C„  and  thermal  co  iductivity  X are 
considered  to  be  approximately  those  of  nitrogen,  and  to  be  functions  of  temperature. 
Specific  heat  C_  as  a f(T)  is  easily  calculated  by  means  of  the  polynomial  (4.41), 

D 

the  appropriate  coefficients  being  obtained  from  McBride  (110).  The  thermal 
conductivity  may  be  described  by  the  modified  Eucken  method  due  to  Misic  and 
Thodos  (]?1),  which  employs  critical  properties: 


'i'in/T  ) - 


r 


Inserting  nitrogen  properties  gives: 


1.432  X lo"^  C„(T  - 44.67)^^^  . -5^ 

a mlc 


(4.60) 


Both  these  thermal  properties  were  evaluated  at  the  mean  of  droplet  (B.Pt)  and 
ambient  gas  temperature. 

4.4(b)  Droplet  Dynamics  Effects 

Up  to  this  point  evaporation  rates  under  stagnant  conditions  only  have 
been  considered,  however  since  in  all  practical  heterogeneous  combustors  a relative 
velocity  between  the  two  phases  always  exists,  it  is  necessary  to  include  droplet 
dynamics  and  forced  convection  effects.  The  normal  method  of  describing  the 
increase  in  evaporation  rate  which  accompanies  forced  convection  is  to  apply 


an  empirical  correlation  of  the  type  first  postulated  by  Frbssling  (31) 
m^  p = m^  (1  + a Re^  Pr'^)  


(4.61) 


where;  a,  b and  c are  constants  of  generally  assumed  (26)  values  0.276,  i and 
respectively;  the  subscript  F denotes  forced  convection  conditions.  Inserting 
typical  values  for  Pr  (26)  , equation  (4.61)  becomes; 


(1  + C.244  P.e') 


(4.62) 


As  mentioned  in  2.2(b)  viscous  drag  forces  cause  either  acceleration  or 

retardation  of  droplets  whenever  V ^(t)  ^ 0,  hence  the  Reynolds  number,  which  is 

K6 1 


defined; 


2 Vl  Pg 


(4.63) 


is  also  a function  of  tine.  Now  droplet  dynamics  depend  on  gaseous  phase  and 
droplet  phase  physical  properties,  as  well  as  combustor  flow  pattern  and  the  droplet 
drag  coefficient  C^.  It  is  conventional  (15,20)  to  compare  the  drag  coefficient 
of  evaporating  droplets  with  those  cf  smooth  inert  spheres,  although  the  former  is  a 
srall  amount  less  than  the  latter.  Fig. ^‘-7  pri'senfs  r'^asured  da.*:a  due  to  Rosenhead 
(33)  for  G.,  r",  .''''re',  ■'o  ’'lotted  ere  f'-ci-c'-'  h"”  .an’  tho  following  correlation 


due  to  Zahm; 


(4.64) 
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t 


which  fits  the  data  reasonahlv  successfully. 


In  order  to  incorporate  drag 


effects  an  expression  is  required  for  the  acceleration  cxia-ricnccd  fy  an  individual 
droplet.  Vincent  (26)  derived  such  an  expression: 


dV 


Rei 


dt 


3 S Pc 


(A. 65) 


In  general  it  can  be  appreciated  that  forced  convection  is  more  significant  for 
irger  drops  whose  Ke  is  initially  high,  and  as  discussed  in  2.2(b),  tends  to  remain 
high.  The  relative  vcV'city  is  defined: 

Vp^l(t)  = Iv^(t)  - Vg(t)l  (4.66) 

For  a discussion  of  the  effects  of  natural  convection  and  turbulence  on 
evaporation  rates  refer  to  (20,16)  respectively. 

4 . 4 (c)  Evaporation  T: r.estep  ralrula”  .on  Technique. 

In  order  to  calculate  fuel  evaporation  rates  under  typical  conditions  in  the 
blue  flame  burner  a timestep  technique  v;as  devised  (similar  to  that  described  by 
Vincent  (26)  ) in  v;hich  one  dimensional  flov;  is  a3su.”-ed.  Initial  atomiser  relative 
velocities  and  the  ISD  v/ere  coirputed  using  the  above  equations,  drag  forces  etc.  were 
recalculated  after  each  time  increment.  21  spray  sice  intervals,  each  of  which 
were  represented  by  the  interv'al  mean  diameter,  v^ere  conc.id.ered  and  the  complete 
timestep  procedure  is  given  in  the  flowchart  Fig. 4. 8.  A computer  program  was 
written  to  handle  these  calculations,  this  was  rodifled  to  enable  incorporation  in 
the  BFB  model,  and  is  fully  described  in  Chapter  7.  This  Chapter  also  presents  a 
separate  set  of  evaporation  characteristics  for  the  blue  flame  burner  that  were 
obtained  using  this  timestep  technique. 

4.4(d)  WSR  Me. .an  E''’iooration  Ratos. 

The  WSR  analysis  presented  in  4.2  requires  an  expression  f''"  the  reactor 
mean  evaporation  rate,  v;hicli  defines  the  ratt:  o!.  mass  transfer  f rem  the  liquid  to  the 
gasco”s  phase..  tlo;;  as  Iig.4.9  shows,  t!io  po;-rr-|f  spray  remaining 

unevapor.itc-d  T''  at  an”  e’a'.;.  d i imo  t dernwisos  non-]  inearl'.;,  it  fellows  that  the 
c” ’rotation  rate  of  the  .S"ra''  is  not  constani'.  t''rr’'eh.'’i’t  a”’’  particular  WSR  in  which 


/ti  - 


fuel  droplets  exist.  Hence  a means  of  estimating  the  mean  evaporation  rate  is 
required.  Now  it  can  be  shown.  Poll  (2),  that  although  it  is  not  strictly 
permissible  to  analyse  any  process  occurring  within  a stirred  reactor  in  a non- 
integral manner,  a separate  PHASE  may  in  fact  be  so  treated.  Thus  the  evaporation 
process  is  envisaged  as  proceeding  in  a plug  flow  "sub  reactor",  surrounded  by  the 
stirred  reacting  (gaseous)  phase.  In  this  way  the  spray  mean  evaporation  rate  may 
be  estimated  by  calculating  the  total  fuel  evaporated  for  the  elapsed  time  in  the  WSR, 
and  dividing  this  quantity  by  the  stay  time  t^.  It  should  be  emphasised  that  this 
forms  only  one  of  the  possible  approaches. 

Now  PU(t)  can  be  evaluated  by  means  of  the  timestep  technique  described  in 
4.4(c)  above,  it  is  also  assumed  that  all  of  the  fuel  spray  remains  in  the  reactor 
for  the  stay  time  as  required  by  the  WSR  analysis.  Again,  it  should  be 
emphasised  that  it  is  possible  to  modify  the  analysis  to  incorporate  more  realistic 
differential  phase  stay  times. 

Consider  time  t sho\m  in  Fig. 4.9: 

Amount  evaporated  during  time  increment  At  at  elapsed  time  t 
* area  of  shaded  region 

r 

= i , (100  - l’II(t-At))  + (100  - PU(t)) 


At 

100 


'^UEL 


(4.67) 


Total  fuel  evaporated  in  reactor  Z 


r 


i ! 200  - PU(t-At)  - PU(t)  I 


t = t. 


Hence  the  required  nec.a  evaporation  rate  for  rea'tcr  Z ; 


(4.68) 


FK  = J-./tg  (4.69) 

4.5  Internal  Recirculation  Model. 

Clearly  a theoretical  model  is  reqeirec]  for  tlie  prediction  of  the  degree  of 
in'^cmal  recirculation  generated  in  the  BFB  by  the  Coanda  ejector  device,  plus 

':’o  initial  go  p!iase  niear  fine'  ve'eric'  in  fhe  sp”.'y  formation  region, 

a''  ''.'•t'  ---'' (>od  in  I’..'",  t'e  >u'd  f'ot’  t' reuft  v".'  ■e  rtrictly  three 

c: — ■''•-r.-'a’  — ;fl  I. t'  i.e.  . ■ n'’*". — ."n  rigo’Tiis 

thcn:.-n'--.r.'/.  trea*' of  ’ a fir  fi-  d is  ov.-  Jr'  ?n  tn  the  nearest 

at^er-nt.  \-as  that  of  r ' '^ao  (122)  : ' o rm  t’’’  •'s-  'ti,1  curved  wall 


jet  flow.  The  governing  equations  were  found  to  be  very  nonlinear  and  highly 
complex.  Hence  the  theoretical  treatment  of  the  Coanda  flow  was  limited  to  the 
simpler  momentum  exchange  type  analysis. 


Fig. 4. 10  illustrates  the  two  dimensional  Coanda  geometry  and  the  nomenclature 
to  be  used,  the  two  dimensional  idealised  flows  are  also  shown.  The  theoretical 
model  for  steady  state  ejector  operation  is  due  to  Swithenbank  (38)  and  is  presented 
here . 

Ejector  mass  balance. 


r 


p.  V.dA.  + p.V.A. 
1 II  J J J 


p V dA  =0 
o o o 


(4.70) 


To  simplify  the  analysis  constant  area  mixing  is  assumed,  .’.  A^  = A^ 
Ejector  momentum  balance. 
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p.  ' V.  dA  + p.V.  A. 
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(4.71) 


By  the  Bernoulli  relation: 


(P^,-P.)  . IP.V.' 


Hence  (4.71)  may  be  rcexpressed: 


r 1 


r..  2 


(p  V ^dA  - j p.  V.  dA) 
1 i p .A.  ■ o o ■“  1 1 

L_  J J . 

The  skewness  factor  A may  be  defined  as  (3B): 

p^/A  ' dA 


(4.72) 


(4.73) 
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r V (r)r  dr 
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^ ' ' VCi-))-  d-r  ; 
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(4.74) 


flow  through  a circ" '' rr  c rcrs  section  of  "oliur.  r in  which  a velocity  profile 
cr’f.ts.  r''CTnrrr  '’a''tor  is  a rea'','--e  o'"  'ho  fov  r.cn  irn', foiviity  or 

d'’parture  from  a flat  profile,  for  whicii  it.  has  the  value  of  tn'ty. 


- - 


Hence  (4.73)  becomes: 


r 1 ( tA. 

I p . A.  V P A 
J J ^ o 
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A mass  entrainment  ratio  ^ is  now  defined: 


m.  + m- 
1 J 


V.  A.  P . 
J J J 


(4.75) 


(4.76) 


Now  for  perfect  mixing,  the  following  relation  can  be  deduced  (38): 

m.  m.  |-  P . '■ 

= 7^  P;  + — Pi  = Pil  I - 1)  + 1 (^-77) 

m ■*  m ^ i -J 

o o 

Substituting(4. 77)and(4. 75)into(4. 76)then  yields  the  desired  ex;5ression  for 
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P . A. 
J 
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(4.78) 


where  n is  an  efficiency  factor  which  relates  the  theoretical  entrainment  ratio  to  a 
corresponding  measured  quantity,  the  estimation  of  this  parameter  for  the  BFB  Coanda 
unit  is  described  in  7.2(a).  For  isothermal  (non-combusting)  flow,  constant  density 
prevails  so  that  (4.78)  may  be  reduced  to: 


^ 2 A - A.  (1  - 
o 1 


(4.79) 


w!iich  is  of  quadratic  fon-;.  Hovever  for  the  cenhustion  case  eq’/..tion  (4.78)  is  not 
so  simple  and  has  to  be  solved  iteratively.  The  entrainment  ratio  of  the  ejector 
then  is  a function  of  area  and  density  ratios,  p^i’s  the.  inlet  ard  exit  skewness  factors. 
Due  to  the  high  velocity  air  jet  the  inlet  skcwr.ess  factor  woult’  be  expected  to  depart 
from  unity,  the  exit  plane  skc^.mess  would  be  expected  to  be  related  to  the  turbulent 
mixing  rate  and  the  Coanda  threat  length,  hut  not  so  strongly.  Fig. 4. 11  depicts  the 
ver-intier!  of  '■  nv.t’'  rrea  re'"’''  for  varices  po  fc.,  factors,  n is  assumed 

to  he  r-' t". 

The  level  of  i-'  c:  ::cc' rri’lation  by  the  Coanda  ejector  may 

n he  <‘efi’'ci,  agaoi  >r  i ris  : basis' 


J*  ^ rW- 


100  (1  - 7. 


The  initial  rean  gaseous  phase  flow  velocity  V^/0)  may  be  approximated  as  being 


that  gaseous  velocity  which  exists  at  the  Coanda  unit  inlet 


V^(0) 


V. 

1 


(4.81) 


CHAPTER  5. 


EXPERIMENTAL  MEASUREMENTS. 


5 . 1 Introduction. 

This  Chapter  is  concerned  with  the  acquisition  of  the  experimental  data  which, 
as  outlined  in  Chapter  3,  was  necessary  for  model  input  and  actual  characterisation 
of  the  blue  flame  burner. 

The  experimental  system  was  housed  in  a laboratory  located  at  the  University 
of  Sheffield  research  site,  Harpur  Hill,  Buxton.  Mean  atmospheric  pressure  at 
this  laboratory  was  about  730  mm  Hg. 

5 . 2 Burner  Facility  and  Operation. 

Plate  1 depicts  a front  view  of  the  overall  burner  facility,  the  burner  exit 

is  rigged  with  a samplirg  stage  unit  which  is  equipped  with  thermocouple,  pitot 

and  gas  sampling  probes.  The  construction  of  the  burner  itself  has  been  described 

in  Chapter  3;  as  Plate  2 shov;s  it  \;as  rigidly  mounted  in  a horizontal  position 

by  means  of  a stand.  A fume  ejector,  which  is  not  visible  in  either  of  these 

photographs,  was  also  assembled  to  the  rig  for  the  purpose  of  rapidly  removing  the 

hot  burner  exit  flow  from  the  building.  The  ejector  was  of  the  0.22  m Olin 

Matheson  Coanda  type  end  \ias  driven  by  the  main  air  supply  system,  Fig.5.1.  A Reavell 

rotary  compressor  driven  by  a 67.5  1;W  electric  motor  was  used  to  derive  the  main  air 

2 

supply,  up  to  0.3  hg/s  of  air  at  250  kN /m  gauge  pressure  was  available.  The 

compressor  was  lubricated  under  pressure  and  cooled  by  a ccrt'ruous  flow  of  cold 

3 

mains  water.  Tlie  air  was  passed  througl  a 9 m recerver  vc  .e.  vrh;c,h  removed  any 
compressor  oil  from  tl\c  air,  it  also  rtm  ved  any  low  frequeri'’y  pressure  fluctuations. 
Before  reaching  th°  burner  or  fume  ejector  the  air  was  passci’  through  a filter  to 
remove  any  rcr.ain’ng  oil  drops  or  condensation  which  may  have  occurred  in  the 
supply’  linen.  hiter  parsing  through  a ro’V.rol  valve  the  air  vclumctric  flowrate, 
aho-.’t  CCO  lit r'.C':i''"n.  ra".  !!;'■> a S''re  l a rot-a~e"o-:  (ca.l'>::atod  at  15^  C, 

760  rr^.  !'c5ovg  cr. -c*’"''"  hnTror  p/*  • A PG*‘*ci'*r'” 


mnnc'’’etor  monitored 


Fig. 5. 2 illustrates  the  fuel  supply  svatera,  throughout  the  nvijority  of 

experimental  runs  kerosine  was  used  as  the  fuel  although  some  tests  were  performed 

using  a light  residual  fuel  oil,  5.3.  Kerosine  was  supplied  from  a pressure 

3 

vessel  (approximately  internal  volume  0.11  m ) which  was  pressurised  to  180  psig 
using  nitrogen,  the  maximum  atomiser  fuel  injection  pressure  was  160  psig.  After 
passing  through  a filter  to  remove  physical  impurities  the  kerosine  flowed,  via  a 
needle  valve,  to  the  actual  water  cooled  copper  fuel  gun  and  thence  to  the  pressure 
jet  atomiser.  The  needle  valve  regulated  the  kerosine  injection  pressure,  which 
was  registered  on  a Iicurdon  pressure  gauge  whose  calibration  was  checked  with  a 
Budenberg  dead  weight  tester. 

The  blue  flame  recirculating  burner  was  "warmed  up"  using  gaseous  propane  as 
a fuel,  this  was  injected  into  the  Coanda  vmit  throat  by  means  of  an  ignition 
probe  inserted  into  the  burner  through  the  exit  orifice.  Practice  was  required 
before  trouble  free  lighting  up  of  the  burner  was  obtained,  under  some  conditions 
the  propc-  lame  tended  to  stabilise  at  the  burner  exit  orifice.  The  following 
proco'’  nployed  for  lighting  up  the  burner: 

1.  on  propane  supply  to  pilot  light  and  ignition  probe,  ignite  pilot  light. 

2.  Fill  fuel  vessel  and  pressurise  to  IP'''  psig  vmth  N2  • 

3.  Turn  on  cooling  water  to  fuel  gun. 

4.  Check  compressor  oil,  turn  on  cooling  water. 

5.  Starr  compressor  motor. 

6.  Insert  the  lighted  propane  ignition  probe  into  the  burner. 

7.  Open  main  air  valve  slowly  un';il  stable  ccmbust.icn  (blui)  '’'f  propane  and  air 
takes  place.  Allow  five  minutes  for  the  burner  to  v?arn  up. 

8.  Open  fuel  injection  needle  valve  until  about  40  psig  is  indicated. 

9.  Increase  ftjel  and  air  flowrates  gradually  vratil  steady  combustion  is  obtained. 


10. 

V.’Atb'’ 

,h.v,7  t'.tQ.  :.r  ' 

tic  n predifi. 

''ndiw 

nont.  ctn  ’' 

nr.ij  the  I e rosin'^ 

In  be  completely  blue. 

req>’i'  r''"' 

• i.rp  ■ < re  rn  i o’:~ 

n?r’'v  n"c  v: 

■.C’.T.  into  the  burner  exit 

or* 

'•-’T  wa,<;  at  sread" 

.stale  tc~pr.ratir:e 

t''.c  combustion  chamber 

walls,  but  not  the  C'' inPa  u••'^r.,  glo'ed  red,  - ' he  ren''.  ’ spicce  was  tab.en  before 
steady  state  v;ns  reae'er’  ro  that  fl.are  rnjoit’'  ceM’d  be  ohrer''o The  flame  was 


conpletely  blue  imc^cr  fuel  lean  and  stoichiometric  conditions,  under  fuel  rich 
conditions  this  \;ao  also  the  case  although  the  flame  outer  edges  were  yellow  at 


overall  equivalences,  > = O.fi  (4*^^  defined  in  5.8(f)).  Close  to  fuel  rich 

blov/out  tlie  flame  becai-’c  completely  yellow  and  mean  temperatures  in  the  exit  flow 
dropped  rapidly,  under  these  conditions  was  = 2.0.  Combustion  noise  increased 
as  the  throughput  var,  inc’'eased.  Flame  length  increased  as  was  increased,  at 
stoichiometric,  conditions  the  flame  protruded  about  5 cm  out  of  the  exit  orifice. 
The  burner  was  observed  to  bo  extremely  stable  and  easy  to  control,  the  stability 
loop  was  not  determiued  since  the  mode  of  operation  clianged  as  the  limits  were 
approached.  A "scaling"  of  the  combustion  chamber  v;alls  was  apparent  after  many 
runs  had  been  performed,  this  war,  to  be  expected  since  the  complete  burner  was 
constructed  of  mild  steel  v.liich  oxidises  at  relatively  low  temperatures,  5.8(g). 

5.3  Residual  Fuel  Oil  Tc-sts^ 

Clearly  fuels  of  lowc"  grade  than  b.crosine  are  of  practical  interest,  such 
fuels  may  contain  substantial  amounts  ot  sulr'.ur  and  nitrogen  containing  compounds, 
also  free  carbon.  The.  reasons  for  usiTi,;  b' resine  as  a test  fuel  were  presented  in 
Chapter  3.  Industrial  fuels  c^n  also  contain  very  many  hydrocarbon  components 
of  high  molecular  weight  and  nay  le  or.trcr'el>'  viscous,  in  some  cases  emulsification 
is  necessary  for  satisfactory  fuel  injection. 


A brief  test  was  cenducte.d  to  dctcrr.aine  how  easily  such  lov;er  grade  fuels 
could  be  handle!  by  the  blue  flame  burner.  Liglt  rcsicnal  fu^.l  oil  \’as  used  to 
fire  the  burnc:  after  it  ha,!  been  prehe-ted  by  passing  it  ; 'r.T-’gh  t„-o  separate 
hcatin.g  cril.s  irmersed  in  a heat'inr;  tavl.i,  which  was  thermostatically  mdntainc.d  at 
80°  C.  T’.’.is  l.iiwaro  1 tlic  fuel'.s  vi  sens' ty  and  thus  prcm.otc  ! atomisation.  The  fuel 
oil  could  liavc  ! ecia  pro.hcated  far  more  (.f£.;.'’ort  y b'l.^.  it  v/as  st'll  fou.nd  that 
stable  cenbustien  c ild  le  ebtaiuee  , under  a \ ide  rango  of  frel  air  ratios,  using 
a orc.ssurc  jet  atomiser.  The  pre.sono.e  of  .'■ulphurous  fumes  ’■.as  detected  and  the 
t » — r- vr* r>  C'  **'^*nr  ^5.1.  rp.r.hcr  rhe^'n, 

!'.t"os:.“.e.  T’ae  ---g  f'."”.  "aa  Ir-  ge!'-  Idr.o.  elf -;-gh.  yo."'-”,:  r.t"oahs  vo.rc. 

f-.'-.a  r,-;  .-'.l  o t'.na  ."e;  ma'.:' cn  .a'.'  1 r.aj eet' '.rie s o'~  1 .a’rgo  drop:;  of  fuel. 
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It  was  concluded  that  the  burner  co\ild  be  modified  to  handle  commercial 
lower  grade  fuel  oils  although  much  more  work  is  required  on  the  combustion  of 
such  fuels. 

In  the  next  four  sections,  5.4-7,  a series  of  measurements  conducted  on  the 

burner  and  its  fuel  atomiser  under  cold  i.e.  non  combusting  conditions  are  described. 

5.4  Quantification  of  the  Burner  Internal  Recirculation  Characteristic. 

The  stirred  reactor  model  network  requires  knowledge  of  the  fraction  of  the 

flow  leaving  the  Coanda  unit  exit  plane  which,  at  some  distance  downstream  of  this 

point,  recircriates  r”’ound  the  unit  back  to  the  inlet  plane.  This  recirculation 

was  necessa'-y  to  satisfy  the  entrainment  appetite  of  the  attached  jet,  3.2.  The 

actual  quantif  i.eatio  ■;  of  the  internal  recirculation  characteristic  was  accomplished 

by  a novel  technique  which  necessitated  a baffle  being  inserted  in  the  combustion 

chamber  to  completely  block  off  the  recirculation  path.  Hence  the  technique  could 

not  be  applied  unde;:  'rombustion  conditions.  In  these  measurements  hot  wire 

anemometry  was  empL'"e.d  to  actually  measure  velocity  profiles  of  air  passing  through 

the  ejector  unit,  lire  of  a hot  wire  probe  also  required  cc.ld  flow  conditions. 

The  aluminium  1 affle  ring  was  secured  to  the  rear  of  the  Coanda  unit  by  means 

of  three  screws,  two  O rings  made  of  rubber  also  ensured  that  a reasonably  gas 

tight  seal,  as  Fig.''.'')  shov;s,  was  o'ltaine.d.  Tressurc  tappings  A and  B were  set  up 

and  connected  tc  an  jr.clincd  1.5"  water  manometer.  The  f"a'i  g’— ■.  was  removed  and 

an  air  inlet  tr'te  rlrs  c' ocular  flow  ci  trib'.tcr  assembled  t'  th ; combustor  head 

plate  as  Fig. s!'"'' s,  a secondary  n;t  source  wa.'.  introduced  into  this  tube. 

The  flow  disn’.'h'Ct'  deflected  this  air  .stream  to  simulate  th^  '•ccirculatcd  flow 

through  the  annular  gap  between  the  Coanda  un’t  and  the  combu''t  on  chamber;  the 

radius  of  the  distributor  was  equal  to  the  Coanda  unit  outer  r.dius.  At  any 

Coanda  flew  se-tine  ('  the  secondary  flowrate  0-  could  be  vat'ud  until  zero  differ- 

',1  '•>- 

ential  pressure  across  the  baffle,  as  read  on  the  v;aler  marome''er,  was  obtained. 

T’'n  t).  \)bicb,  i)rodui-e.d,  .rero  di  ■ i al  p''C''rure.  was  then  the 
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For  a slit  width  S of  0.020"  the  baffle  differential  pressure  AP^  was 
measured  as  a function  of  for  various  settings  of  Coanda  jet  flow  , Fig. 5. 5 
presents  the  set  of  characteristic  curves  that  were  thus  obtained  for  this  slit 
width.  Similar  sets  of  curves  were  derived  for  values  of  S corresponding  to 
0.015"  and  0.010",  Figs.  5.6  and  5.7  respectively.  Curves  of  entrainment  ratio 
as  a function  of  Coanda  jet  throughput  Qj  using  this  measurement  technique  were 
also  constructed.  Fig. 5. 8,  these  are  discussed  in  Chapter  7.  The  data  enables 
evaluation  of  the  simple  Coanda  ejector  entrainment  analysis  presented  in  4.5 
after  values  for  the  skewness  factors  have  been  derived.  Values  for  these  were 
measured  experimentally  using  hot  wire  anemometry. 

The  blue  flame  burner  was  turned  through  180°  and  remounted  on  its  stand  so 
that  a DISA  55P11  miniature  hot  wire  probe  could  be  traversed  inside  the  combustion 
chamber,  the  baffle  having  been  removed  and  the  fuel  gun  repositioned.  The  hot 
wire  probe  plus  probe  support  was  secured  to  an  adjustable  mounting  block  which  was 
fixed  to  a traversing  mechanism,  this  mechanism  enabled  two  dimensional  traversing 
in  a horizontal  plane  and  was  also  bolted  to  the  burner  stand.  The  complete 
system  was  accurately  aligned  \;ith  the  combustor  axis  of  symmetry  and  a pair  of 
scales  set  up  to  indicate  the  position  of  the  probe.  The  probe  v;as  connected  to 
a DISA  55D05  battery  operated  constant  temperature  Anemometer,  whose  frequency 
response  was  frequently  checked  using  a square  wave  generate'".  As  Fig. 5. 9 
depicts,  the  DC  level  of  the  anemometer  output  signal  was  mea'';''ed  by  a Fluke 
8000A  digital  voltmeter  after  turbulence  lov;  frequency  compo.'jor ts  had  been 
su'pprcssed  by  means  of  an  P.C  filter  (time  constant  0.815  secs).  This  allowed 
stable  readings  of  the  anemometer  mean  bridge  voltage  to  be  easily  obtained. 

A DISA  RMS  meter  (55D35)  was  used  to  rreasurc  the  ancHi'^metor  c”'tnut  RMS  voltage 
and  a Solartron  CD1400  oscilloscope  employed  to  monitor  an  cr, ''meter  response. 

The  hot  t.’ire  p’robe  \:r.D  ea’ibrafed  in  an  air  fi'ce.  jet  r'Ttcm  r’-irb  is  shovTi  in 
b'  -.r).  t’’:e  hot  r’"f'he  anl  a .small  p'.''e'-.  "-rbe  v'"'e  rle.''c].y  positioned  in 

■ -C-,  ' r—  - tl  is  a'l:  jot.  g 
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cn.  which  was 
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the  temper- 


ature  of  the  air  issuing  from  the  jet  was  measured  using  a Comark  3001  digital  ther- 


moiiieter.  The  anemometer  output  characteristic  is: 


+ AO 


0.45 


(5.1) 


Velocity  profiles  in  the  Coanda  throat  exit  plane  were  measured  using  the 
hot  wire  anemometer  setup,  for  various  flowrates  () j , typical  results  for  Oj 
300  lit/min  are  presented  in  Fig. 5. 11,  slit  width  S was  0.010".  In  order  to 


calculate  the  exit  skewness  factor  a polynomial  was  fitted  to  this  velocity 


profile,  this  was: 

U^(r)  = 8.7  + 2.015  x 10^  r^  - 1.763  x 10^  r^  m/sec  (5.2) 

where  r = radial  distance  (inches)  from  Coanda  central  axis.  The  form  of  this 


velocity  profile  was  the  same  for  .ill  . 

Velocity  profiles  in  the  Coanda  throat  inlet  plane  were  similarly  measured, 
after  the  combustor  headplate  had  been  removed  to  gain  access  and  the  combustor  had 
been  again  rotated  through  180°.  A range  of  fcr  S = 0.010"  v/es  again 
investigated,  typical  results  for  Qj  = 300  lit/:r.in  being  presented  in  Fig. 5. 12. 

A simple  polynomial  was  again  used  to  fit  the  measured  velocity  profile,  this  was: 

— O 


b\(r)  = 6.5  + 20.?,3  m Jsec.  (5.3) 

where  r is  as  defined  above. 

Substituting  the  curves  (5.3,2)  into  the  general  equation  (4.74)  yielded  the 
respective  results  of  Coanda  inlet  and  exit  sk  u.-ncss  factirr: 


X.  = 1.045  ) 

^ ) (5.4) 

= 1-153  ) 

These  are  approximately  independent  of  Q.. 

5.5  Investiraticr  of  f.'T'ti'rn. 

The  flow  pattern  in  the  blue  flame  ct.'b  tor  was  inve;.  f' ge'vd  using  the  hot 
wire  aneraometry  equipi  . nt . Probing  witliin  t'  e charrher  was  I n ted  by  the  exit 
orifice  diameter  so  that  rioan  velocities  al'^r;;  the  cont;’al.  .ly.  r ,->rid  across  the 
cx’ t orifioc  dianetor  only  vrre  detorrn'rr i.ve-'r-fc  v".  made  for  S = C.OlO" 

; i-  >>:  , s‘ie  .'1  . ■ )''  i/iiiia.,  J g . I ! t'r  ; — ' tl  at  were  obtained 

■ xt  i (v'o(  lire  li'.ii  - ■■'Jftted  as  a fnrrtjcr  o'"  d ' ■ ’onsi  on!  ( ss  distance  from  the 
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Coanda  exit  plane  and  b are  defined  in  Fig.  7.1).  The  highest  axial 

nean  velocity  measured  was  19  m/sec,  it  is  imnf,j:tant  to  note  that  these  were 
again  for  cold  flow  throughout  the  combustor.  Combustor  exit  mean  velocity 
profiles  were  completely  flat. 

Estimates  only  of  axial  turbulence  intensities  were  made  using  the  anemometry 
system,  although  accurate  measurements  of  this  parameter  cannot  be  made  with  a hot 
wire  anemometer,  the  estimates  obtained  do  succeed  in  giving  a qualitative  picture 
of  how  the  parameter  varies  throughout  the  combustor.  As  equation  (5.1)  shows  the 
hot  wire  anemometer  output  characteristic  is  highly  nonlinear,  one  method  of 
estimating  turbulence  intensity  T from  the  eno.-'-cr’eter  RMS  voltage  is  (103): 


T = . 1007. 


C V • 

RMS  _ - 2. 


(5.5) 


This  relation  asaumet 


I'  = V 
i.MS  RM3  dV 


(5.6) 


Hinze  (1)  has  shown  t'.tat  values  of  turbulence  intensity  measured  by  a hot 
wire  anemometer  are  overestimated  by  a large  amount  ' r high  turbulence  intensities. 
For  isotropic  turbulence  it  was  calculated  that,  to  a first  approximation,  the 


error  E was  given  by: 


. X. 

fi  lOu 


(5.7) 


Estimates  ot  combustor  axial  turbulence  intensity  were  made,  using  relations  (5.6) 
and  (5.7),  for  Qj  = lb.  > , A'  i , 50('  lit/p.in.  Results  obtained  arc  given  in  Fig. 5. 14 
the  distance  coordinate  iias  again  been  non.-dir  ensionali  scd. 

The  het  wire  ancDvamcrer  I’as  further  need  to  measure  turbulence  autocorrelation 
functions  using  a digital  cov:-.-  ter  en-Hne  aualys’s  technique  which  is  dealt  with 
in  Chapter  6. 

5.6  Atomiser  Fuel  Mc^.ss  Flow  as  a Funi  t on  of  Injection  rre-sunp 

A ro.l c'.t.i.uri.’ ]o',’  t'lro'ighj'Mt  pressir  e jet  se:-  (l.e.  high  atomising 

['r">  n/Mtl  IT.--',  •iscT  in  ■'’''t  ter.tr  performed  on  the  blue  flame  l i'mer,  this  resulted 
;•  ’ It  o ’ ’.r-t '■ --1  f ' at  injoi  tr'.on  , no.^' ’•■•■•c.'  V ^ up  to  IfO  psig.  The 
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0.6  ".a.Vhr  .at  = 160  prig. 


The  atonisor  mass  flow  as  f(Pj-)  characteristic  for  kerosine  was  determined 
as  accurately  as  possible  using  a direct  v.’cip.ht  measurement  technique.  The  fuel 
containing  pressure  vessel  was  placed  on  an'Avcry  weighbridge' set  of  scales. 

Kerosine  \.as  allov;ed  to  discharge  from  the  containing  vessel  through  the  complete 
fuel  system  and  atomiser  for  a known  time  interval  at  fixed  P^.  The  decrease  in 
pressure  vessel  v, -eight  \ias  recorded  and  the  mass  flc\,Tate  computed,  the 

procedure  was  repeated  for  other  values  of  P^..  The  ness  flov;  calibration  char- 
acteristic thus  obtained  is  presented  in  Fig. S. 15,  the  curve  was  fitted  by  a simple 
quadratic  expression  for  esc  in  the  theoretical  model: 

“fuel  " 0 848  P^J  - 0.0274  P^  - 1.710,  Ib/hr  (5.8) 

5.7  Atomiser  Initial  Size  Distribution  (ISP)  Measurement. 

As  explained  in  A. 3 correlaticns  exist  for  a pressure  jet  atomiser  which 
predict  the  ISD  characteristic  of  the  spray  produced  for  any  value  of  P^.  Until 
recently  no  convenient  cxpcrinental  moans  existed  for  the  actual  measurement  of 
the  atomiser  ISD  » ^ tiC’.;  laser  teedmieue  has  been  developed  at  Sheffield 
University  (lOA)  to  previda  a S'Jlution  to  this  problem.  This  optical  technique 
was  used  to  investigate  the  I?D  prcc'uced  hy  tie  prosE:-rc  jet  atomiser  which  was  used 


in  the.  blue  flame  burner,  ever  a complete  rar,^  c of  P^. 

The  operating  principle  is  now  bric.'ly  described  but  the  complete  theoretical 
analysis  is  given  by  Swithenbank  et  al  (lOAl.  The  amount  of  diffraction  of 
incident  light  produced  by  a droplet  or  particle  v.aries  inversely  v.’ith  droplet 
(or  particle)  size,  so  that,  if  a parallel  monochromatic  light  beam  is  transmitted 
through  a field  of  drcplcts,  a div..rg.nce  of  the  origin.'’l  bec  i is  produced. 

If  a lens  is  net;  -esed  to  fc  ci-.s  f l;c.  def'c  ted  light  then  it  ca-\  be  shown  (lOA)  that 
a circular  enorg,;/  intensity  pattoru  is  p;  cd.r.cod  in  the  foca"  r la-'e  of  this  lens. 


As  Fif'.5.16(A),(n)  shnv7S,  a photodntoctor  dfivicn  (Rn.cofmition  Systems  Polar 
Coordinate  type  UPD-6A00)  \7m  located  at  the  focal  plane  of  a 30  cn  focal  length 
lens  to  enable  energy  intensity  patterns  to  be  electrically  transdticed.  Fie.5. Ib^B) 
represents  the  complete  c:'peri mental  arranp.ement  that  V7as  employed  for  ISD  measurement, 
signals  from  the  32  photodctector  elements  were  amplified  by  a Recognition  Systems 
Sampling  Unit,  V7hich  also  displayed  a digitised  value  for  any  selected  element 
voltage.  A 1 mU  Mc/lle  laser  provides  a convenient  nonoclirosiatic  light  source, 
optical  components  A,B  C ensured  a parallel  beam  of  suitable  intensity  uas  produced 
and  a micro-traversing  rechanisn,  on  v7hich  the  detector  uas  mounted,  enabled 
accurate  alignment  of  the  optics. 

Actual  c^arurcr’ent  of  the  spray  size  distribution  (cold  conditions)  was  very 
rapid  and  sinly  irvoived  the  reasurenent  ef  e '.'h  photcdetector  clement  voltage  for  any 
particular  fuel  injoeticn  pressure.  A ha'd- -round  set  rf  rea^’ingc  uns  first  obtained 
without  thc;  spray,  in  order  to  eccount.  frr  r :n.'i orferrnen  dne  t.o  r-^birnt  particiilate 
matter  or  ligb':  van"]  a'i  r-T  Ibcough  tho.  ler.or  rp : i eal  p;.  !i.  'Jbese  t\.’o  rots  of  data 
for  any  veto  crpnlicd  as  input  to  a rr>r  C/Ii:  d-’r’ tal  rcrru'ter  program  \7hich, 
based  on  the  theoretical  analysis  given  in  (lOA),  evaluated  the  required  energy 
intensity  profiles  and  then  the  V7eight  fraction  of  drops,  present  in  each  of  31  size 
ranges.  The  program  (given  in  (lOA))  also  calculete.d  the  Rosin  Rammde.r  distribution 
function  v;hich  best  fitted  tlic  measured  data,  as  explained  in  2.2(a)  this  function 
features  tv;o  fit  parameters.  This  R/'SIC  progra"i  produced  a "plot"  of  tho  measured 
data  and  the  fitted  Rosin  Rarmnler  function  on  the  teletype,  innut/outnut  device. 

^ Fig. 5. 17  presents  an  example  of  such  an  Iff)  P''ta  plot  for  = 100  prig;  the  range 

of  injection  pressure  inv'cstigated  V7as  -y  1^0  psig  (20  psig  increments). 

The  program  printout  give.s  tbe  above  mentioned  data  for  each  of  the  31  size  classes, 
the  corresponding  x and  n,  p’us  a statistical  err''-r  of.  fit  term.  Tn  tho 
^ normalised  data  plot  "+"  signifies  a V73ight  fraction  data  point  and  is  a point  cn 

tlifi  fittOfl  cirvaj  "B"  f orrr  roen.lR  to  a r.oinc  wl-ovp  tl'O.  e cr  i nei  d'^n*'  according 

to  the  '•e.Vtve  rase  lu.ti  (M.  J’rte  a.lst  (fiat  ( ba  •.■'■;im:i  interval  drop  dJ.-’meter 
anneavs  at  Lh  ; < nn  of  i.ba  ploc.  Tbe  sij'  seen  r"  r^'esv  ed  de’.'’  ''ei-e  I'S'^d  to  construct, 
pl'ta 

a)  Pos’n  r — ■''ci;  ’r"'.''n’  d'O])  saze  j"  ricr'"''  o'  a r'  „ - rig.b  18(A) 
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and  h)  Rosin  Rn!ijr.lci  liStiib'tioi  pararrt  i • i.  . ;s'  as  < i - lir  '“■.18^'B). 

RosulCs  presented  ir  these  t'.  o granhs  art  'u  •.  ’i.scii.'  • 'I  ''hr'f't.er  7. 

The  point  or  measuremeri-  in  the  iuei  s ray,  i.e.  distance  of  the  laser  beam 
from  the  atomiser  was  10  cm  and  corresponded  to  the  fully  developed  spray  region. 

ISD  characteristics  measured  under  these  roll  conditions  are  directly  relevant  to  the 
combustion  case  by  definition,  the  direct  neasure'nent  of  the  size  distribution  of 
sprays  evaporating  under  combustion  conditions  would  be  extremely  useful.  This  is 
hampered  though  by  the  need  for  clean  windows  to  sight  into  .he  combustor , Ref . (61) , 
and  the  existence  of  flame  light  emission. 

5 . 8 Gas  Sampling  Measurements. 

As  previously  explained  in  Chapter  3 a primary  aim  of  the  experimental  program 
was  the  measurement  of  the  blue  liar.-  numer  exit  flow  gas  composition,  with  respect 
particularly  to  the  pollutants  CO  and  This  section  tnen  describes  the  design, 

construction  and  testing  of  t!ie  gas  sampling  system,  the  results  obtained  using  the 
system  are  then  presented, 

5.8(a)  Problems  Associated  *'ith  Gas  Sam^pling. 

A number  of  problems  are  raised  when  a gas  sampling  probe  is  introduced  into 
a two  phase  flow.  Apart  from  the  obvious  fouling  of  droplet  trajectories,  the  probe 
distorts  the  gaseous  stream  lines  at  the  point  in  the  flow,  where  the  probe  is  located. 
Thia  distortion  of  the  streamlines  causes  a perturbation  of  the  concentration 
gradients  of  all  species  in  tb.e  flow,  at  present  this  situation  cannot  be  alleviated 
by  the  adoption  of  optical  measuring  techniques  since,  as  explained  in  (59)  , these 

techniques  are  insufficiently  developed.  The  use  of  a sampling  probe  was  therefore 
unavoidable  and  one  of  tbe  two  types  had  to  be  selected.  The  first  type  consists 
of  a small  quartz  tube,  with  external  and  internal  diameters  of  a few  millimetres, 
stretched  and  shaped  until  the  tube  entrance  diameter  is  of  the  order  10  - 100  p. 

Now,  ill  order  to  obtain  a representative  sample,  the  composition  of  the  sampled 
gases  when  intreja.  ed  to  the  gas  anal  .sers  must  be  identical  ,.’ith  the  composition 
oi  h ■ < ■ ml  ■i.'-!  !ii  ill',  of  the  eat  tame  n,  the  ar.jLc.  In  turn  this  requires  that  chew- 
iidl  reaitjoiis  in  ttie  sampled  gases  must  be  rapidly  attenuaie.  after  they  enter 
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the  probe,  thi  sar>pl<  has  t.o  be  "quenched".  As  expJaimd  i-  ctiemical 

reaction  rates  are  sensitive  to  the  temperature  and  concentrations  of  the  gases 
(consequently  to  the  pressure  also),  so  that  the  desired  quenching  of  the  gas  sample 
can  be  achieved  by  either  (i)  a rapid  reduction  in  sample  pressure,  or  (ii)  rapid 
conduction  of  heat  from  the  sample  to  the  probe  walls  to  lower  its  temperature. 

In  the  narrow  throat  of  the  quartz  probe  the  sampled  gases  are  supersonically 
expanded  to  lower  the  pressure,  rapid  thermal  exchange  also  occurs.  An  advantage 
of  using  such  quartz  "microprobes"  is  that,  since  the  quartz  is  inert,  solid  surface 
chemical  reaction  is  virtually  eliminated.  A considerable  disadvantage  of  the  micro- 
probe is  that  the  sampled  mass  flow  is  extremely  small  and  can  be  computed  (105)  to 
be  of  the  order  of  a few  u gm/sec,  which  is  gene-ally  insufficient  to  continually 
supply  gas  analysers.  Microprobes  are  thus  non, idly  restricted  to  small  scale 
investigations. 

For  larger  scale  systems  the  larger  water-cooled  sampling  probe  is  normally 
used,  the  internal  diameter  is  invariably  of  the  order  of  1 mm  and  the  external 
diameter  of  the  order  of  say  6 mm.  Expansion  is  not  usually  imparted  to  the  sample, 
heat  conduction  being  used  to  cool  the  sampled  gases.  The  probe  is  invariably  cooled 
with  water  although  heated  water  under  pressure  or  steam  are  sometimes  used  in  an 
endeavour  to  prevent  the  condensation  of  water  vapour  present  in  the  sample  when  wet 
analyses  are  needed.  The  thermal  stresses  which  a metallic  sampling  probe 
experiences  when  immersed  in  a turbulent  high  temperature  flowfield  are  considerable, 
this  constitutes  an  additional  complexity  which  has  to  be  taken  into  account  when 
designing  a water  cooled  probe.  Although  sufficient  sample  mass  flow  can  be 
supplied,  the  water  cooled  probe  has  a considerable  drawback  in  that  transition  metals, 
which  are  normally  employed  for  probe  construction,  can  provide  ideal  environments  for 
surface  chemical  reactions;  all  chemical  reaction  within  the  probe  being  extremely 
i-ndes  1 rable . 

Ibis  s'u  r.ire  rcactit'i  prab'em  is  ii-osl  acute  when  sampling  toi  NO^  species 
sin  e it  is  l<no'.,-n  (ln6,107)  that  under  reducing  environment  conditions  the  chemical 
leduci lun  of  nitrogen  oxides  bv  carbon  monoxide,  hydrogen  and  other  reducing  agents 
< I r-u  s Hi  the  presence  ot  a metallic  suriace.  The  result  is  ttiit  NO  concentrations 

X 

J 
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lower  Chan  Che  true  values  are  measured  by  the  analyser.  In  an  effort  to  overcome 
this  problem  many  investigators  (106)  have  constructed  their  probes  from  stainless 
steel  since  this  material  does  not  display  as  high  a tendency  as  pure  transition 
metals  (e.g.  Cu,  Ni  and  Fe)  to  promote  surface  reactions,  stainless  steel  also  being 
of  good  mechanical  strength  and  oxidises  only  very  slowly.  A solution  to  the  problem 
is  to  line  the  probe  inner  wall  with  a silica  tube  or  coating,  this  is  difficult  for 
smaller  probes  however.  There  are  two  commonly  used  techniques  for  measuring  NO 
and  these  are  Non  Dispersive  Infra  Red  (NDIR)  Gas  Analysis  which  relies  on 

absorption  of  infra  red  radiation,  and  the  now  more  commonly  employed  Chemiluminescent 
Analysis  (CLA)  which  operates  through  determination  of  chemiiluminiscent  radiation  from 
the  reaction  between  NO  and  ozone.  The  second  technique  will  be  discussed  in  some 
detail  shortly,  it  utilises  a converter  constructed  of  heated  stainless  steel  tubing 
to  convert  NO2  to  NO  in  order  to  estimate  NO^  (i.e.  NO  and  NO2) . To  investigate 
the  possibility  that  one  or  more  components  of  fuel-rich  combustor  exhaust  gas  may 
interfere  with  NO^  measurement  when  using  a CLA  , Siewert  (107)  carried  out  a series 
of  interference  tests.  The  analyser  plus  converter  were  exposed  to  each  of  the 
principal  components  of  fuel  rich  exhaust  gas  for  known  amounts  of  time  before  standard 
concentrations  of  NO  in  N2 , plus  NO2  in  N2  were  admitted  to  the  analyser.  Only 
hydrogen  was  found  to  exhibit  interference  but  H2  was  discovered  to  have  a considerable 
effect.  Immediately  following  H2  exposure  zero  NO  (or  NO2)  was  detected,  measured  NO 
then  increased  gradually  with  time  at  a rate  dependent  on  (i)  exposure  time  to  any 
concentration  of  H2 , and  (ii)  converter  temperature.  No  such  interference  was 
obtained  when  the  converter  was  bypassed  so  this  component  must  have  been  the  source 
of  the  interference.  Siewert  then  conducted  measurements  of  NO  in  undiluted  fuel- 

X 

rich  exhaust  from  a spark  ignition  engine,  in  which  H2  but  negligible  NO2  was 
expected.  After  purging  with  air  the  CLA-measured  NO^  concentration  initially  agreed 
closely  with  both  CIA  NO  and  NDIR  NO  measurements.  The  NO^  reading  then  decreased 
with  rime  to  a nn-iLmup’  s'abilised  value  as  much  a.s  95%  less  than  the  other  NO  readings; 
i ■)'  ’■f'as  t "g  ue'”a'i''''  r<>i  li)  fne]  rJrhe'  exhaust  vases,  and  ii)  higher  converter 
t epipe t ii  ii  <• -7  h<jug  xecordeci.  based  on  tiiese  tests  Siewert  pcstuiated  an  interference 
meihanisM  which  suggested  the  accumulation  of  K2  on  the  metal  surface  and  consequent 
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The  result  of  flowing  air  through  the  converter  before  each 
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NO  interaction. 

X 

test  would  be  to  ensure  that  tlie  oxidised  form  of  the  metal,  rather  than  the  reduced 
form  existed.  Similar  interference  effects  would  be  expected  when  actually  sampling 
fuel  rich  combustion  gases  with  a stainless  steel  probe,  although  no  detailed  study 
to  investigate  such  effects  in  relation  to  prevailing  temperatures  exists.  j 

Another  problem  encountered  when  sampling  probes  are  used  concerns  the  rate  j 

I 

at  which  the  sample  is  withdrawn  from  the  probe.  As  mentioned  above  a distortion  ! 

of  the  streamlines  upstream  of  the  probe  is  imposed,  it  is  obvious  that  this  dis- 
tortion is  a function  of  sampling  rate.  To  minimise  unwanted  distortion  the  mean 
velocity  of  the  gases  at  the  probe  entrance  must  clearly  be  equal  to  the  mean 
velocity  of  the  gases  in  this  vicinity  which  would  exist  in  the  absence  of  the  probe, 
this  condition  is  referred  to  as  ISOiilNETlC  SAMPLING.  The  effect  of  sampling 
velocity  upon  measured  gas  composition  has  been  examined  by  Longelle  & Verdier  (105), 
who  found  a significant  dependence. 

5.8(b)  Design  of  Sampling  Probe. 

In  view  of  these  complications  a water  cooled  stainless  steel  probe  was  designed 
for  the  purpose  of  measuring  the  blue  flame  burner  exit  flow  gas  composition.  The 
probe  was  designed  to  be  mounted  in  in  extra  unit,  since  traverses  into  the  actual 

combustion  chamber  were  not  required.  This  unit  was  composed  simply  of  a 4"  long 

flanged  section  of  4"  ID  pipe  and  compatible  with  the  burner  construction. 

The  diameter  of  the  burner  exit  orifice,  where  the  probe  tip  was  to  be  located, 

was  only  3.8  cm  so  that  an  important  requirement  of  the  probe  design  was  that  its 
crosssectional  area  should  be  as  small  as  practicable.  This  unfortunately  implied 
that  the  ID  of  the  probe  innermost  tube  should  be  correspondingly  small,  hence  the  use 
of  a silica  tube  as  an  inert  central  lining  had  to  be  precluded.  Fig. 5. 4 is  an 
exploded  view  of  the  probe  tip  section,  the  probe  consists  of  three  concentric 
stainless  steel  hypodermic  tubes  which  are  attached  to  a stainless  steel  tip  by  means 
of  silver  si)ld'^ring  a*'  shown  1 l.e  probe  con  rail  OD  w’as  4.8  mn  and  the  inner 
r.'qiillai.,  ehroiigli  wli  I ell  the  scii.ipl.  1 iewc.l,  Wu,;  11.84  mm  ID.  Construction  of  the 
p.i'tie  Lbu.-.  ii'iiuLid  I'lueii  skill,  due  te  its  siud]  1 diiiionslous  and  was  certainly 
I'd  i^ieTed  Iw  Liie  tdet  that  a Jo  " beiid  was  lequiced  to  faeilitatc  mounting  of  the  probe. 
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as  shown  in  Fig. 5. 19.  It  was  vital  that  the  3 tubes  remained  concentric  so  that 
the  cooling  water  could  flow  easily  along  the  narrow  probe  annuli.  In  order  to  ensure 
that  the  tip,  which  experiences  considerable  thermal  and  mechanical  stress,  was 
adequately  .ooled  and  the  sample  efficiently  quenched  the  cooling  water  flowed  through 
the  innermost  channel  first  before  reaching  the  tip.  No  difficulties  with  any 
excessive  sample  condensation  in  the  probe  were  encountered.  A disadvantage  of  the 
innermost  hypodermic  low  ID  was  that,  under  isokinetic  sampling  conditions,  relatively 
low  cooled  sample  flowrates  to  the  gas  analysers  would  be  unavoidable,  however 
sufficient  flow  was  in  fact  obtained. 

A detailed  heat  transfer  analysi s of  the  probe  was  not  attempted  as  a design 
aid  since  such  an  analysis  would  be  v(-.ry  complex  mathematically  - due  tc  the  large 
range  of  temperatures  and  hence  thermal  properties,  which  are  encountered  throughout 
the  probe.  Instead,  an  approximate  heat  transfer  evaluation  was  made  to  estimate 
the  necessary  cooling  water  mass  flowi:ate,  and  then  relatively  detailed  calculations 
performed  to  assess  the  efficiency  of  the  resultant  probe  design  in  quenching  chemical 
reactions  occurring  in  the  sample  flow  through  the  probe.  Results  of  these 
calculations,  details  of  which  appear  in  Appendix  B,  proved  the  vital  quench  cap- 
ability of  the  design. 

As  Fig. 5. 19  shows,  the  overall  length  of  the  probe  was  about  26  cm.  The 
diagram  illustrates  how  the  pressurised  cooling  water  was  supplied  to  the  probe,  a 
thermistor  device  (GT24)  was  employed  to  measure  the  temperature  of  the  probe  outlet 
cooling  water  in  order  to  monitor  prooe  heat  transfer  rates.  Fig. 5. 23  presents  the 
temperature-output  voltage  characteristic  for  this  device.  Flexible  polythene 
tubing  was  used  to  transfer  cooling  water  to  and  from  the  probe  and  brazing  was  used 
in  the  cooling  water  manifold  construction.  The  probe  inner  sample  capillary  was 
expanded  to  OD  stainless  steel  tubing  in  this  manifold  and  connected  to  the 

Teflon  sample  line  by  means  of  a Svagelok  stainless  steel  fitting.  This 
fli.ting  also  housed  a I'T.rome]  Alunel  f he^mc  > oiq.je,  of  approxiuu  1 e I v 0.7  mm  bead 
diji.ieti'i  . this  was  eu,ed  lo  esLiL.aLe  the  probe  aamp'e  flow  ' eu'tperatiue  which 

'.■k-3  r.(..diit  IS  'npi.t  ] n f'lr  I'd L U'li  for  ihe  piol  i ejuenchiut,  iflicie.icy  calculations.  Brass 
I'lcatjng  fiiri.iigs  mounted  the  sampUng  probe  to  the  actual  sam;  Irng  stage  and  enabled 
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reasonably  simple  probe  removal.  Plate  3 shows  the  gas  sampling  probe.  As  shown 
in  Fig. 5. 19  a OD  stainless  steel  pitot  probe  was  similarly  mounted  into  the 
sampling  stage  for  the  purpose  ot  estimating  the  burner  exit  flow  mean  velocity,  the 
pitot  was  connected  directly  to  a 1.5"  inclined  water  manometer.  A bare  1.0  mm  bead 
diameter  Pt/Pt  13%  Rli  thermocouple,  mounted  in  a mild  steel  tubular  probe,  was  used 
to  estimate  the  burner  exit  flow  temperature.  The  probe  was  mounted  by  means  of  a 
clamp  to  the  sampling  stage  unit  and  the  thermocouple  signal  connected  to  a Fluke  8000A 
digital  voltmeter  as  shown  in  Fig. 5. 20  , which  also  presents  details  of  the  Chromel 
Alumel  thermocouple  and  thermistor  signal  measurement  circuits.  Cold  junctions  for 
the  two  thermocouples  were  not  required,  as  will  be  explained  further  on. 

Translation  of  the  burner  exit  flow  tnermocuuple  signal  into  mean  gas  temperature 
taking  into  account  radiation  heat  losses  is  fully  described  in  Appendix  C. 

5.8(c)  The  Sampling  Probe  CoDling  System. 

Pressurised  cooling  water  was  used  to  cool  the  probe,  high  pressure  being 
required  by  virtue  of  the  probe  narrow  annuli.  Fig. 5. 4.  Preliminary  estimates 
showed  that  a cooling  water  mass  flowrate  of  Che  order  0.25  kg/min  would  be  needed  to 
cool  the  probe  and  quench  the  sample.  Hence  a high  pressure  cooling  water  system 
was  devised  in  which  a finite  quantity  of  water  was  discharged  to  the  probe  from  a 
pressure  vessel  which  was  pressurised  by  means  of  nitrogen  cylinders.  The  system  is 
shown  schematically  in  Fig. 5. 21,  an  empty  gas  cylinder  was  modified  and  used  as 
a containing  pressure  vessel.  Before  pressurising  with  nitrogen  the  vessel  was 
fitted  with  mains  water  as  shown,  a filter  was  also  connected  into  the  discharge  line 
as  a blockage  preventing  precaution  to  remove  any  particulate  material,  e.g.  rust,  from 
the  water  before  it  entered  the  sampling  probe  annuli.  To  inhibit  rust  formation  in 
the  pressure  vessel  air  was  excluded  at  all  times  by  ensuring  r small  residual  pressure 
of  N2  was  always  present.  The  rate  of  discharge  of  water  through  the  complete  probe 
cooling  sy-stem  as  a function  of  I'robe  injection  pcessure  vas  det:ermined  by  direct 
■ . Jkht  I,/,  .isi.re  iiout , f'l.b'i  tl.It,  cli^tuctei'i  s 1. 1 c ’ .a.  approx’iriatt  i y linear  for  injection 
I'-  u . .1  . t,«i  (.o  g j sh  -.1!  in  Fig.i>.22.  The  i..es;.uve  vessel  internal  volume  was 

fcst  'l>.w24  uoii.t,  this  result,  the  vessel  emptying  tire  characteristic  was 

b>' u.  e calc'iJaied,  Fig  j.l'l.  I o enstie  .'>deq':ai(,'  probe  iiooling  an  iniection  pressure 
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of  100  psig  i.e.  0.33  kg/min  mass  flow  was  used  in  all  gas  sampling  runs.  As 
Fig. 5. 22  indicates,  the  pressure  vessel  emptying  time  corresponding  to  this  flow  was 
72  minutes,  this  then  represented  the  maximum  amount  of  sampling  time  during  which  the 
probe  could  be  safely  immersed  in  the  flame. 

5.8(d)  Sampling  Line  and  Cas  Analysers. 

As  outlined  in  Chapter  3,  the  measurement  of  the  CO  and  NO/NO^  pollutant  species 
in  the  burner  exit  flow  was  the  main  aim  of  the  gas  sampling  data  acquisition.  Before 
describing  the  analysers  employed  for  this  purpose,  the  sampling  line  used  to  transmit 
the  quenched  sample  from  the  probe  to  the  analysers  will  first  be  described.  Fig. 5. 26 
illustrates  this  sampling  line,  in  order  to  eliminate  the  possibility  of  NO^  surface- 
cooled  sample  interactions  the  actual  line  was  constructed  completely  of  OD  Teflon 
tubing  and  Swagelok  i"  stainless  steel  fittings  used  throughout  to  connect  the  various 
components  in  the  line  (106).  As  Fig. 5.26  shows, the  system  was  operated  in  either 
of  two  modes:  i)  Normal  sampling,  ii)  Purging  of  the  probe  with  air.  The  second 

mode  ^.f  operation  was  selected  at  all  times  during  which  actual  withdrawal  of  samples 
from  the  burner  was  not  required  and  served  two  important  purposes.  Firstly  it 
enabled  the  sampling  line  and  probe  to  be  maintained  free  of  any  solid/liquid  deposits, 
and  secondly  it  was  used  to  directly  check  for  any  probe  - NO^  interference  reactions 
of  the  type  described  in  5.8(a).  In  the  second  mode  of  operation  the  water  trap, 
filter  and  sample  flow  rotatmeter  were  bypassed,  filtered  air  being  pumped  back  through 
the  probe  as  shown  in  Fig. 5. 26. 

During  the  sampling  mode  the  sample  was  passed  through  a water  trap  in  order  to 
condense  out  any  water  vapour  present  in  the  sample,  the  trap  consisted  of  a glass 
coil  immersed  in  a mixture  of  water /s alt /ice , condensate  drair  ng  into  a small  vessel 
as  shown.  The  sample  then  flowed  through  a gauzc/glass  fibre  (.borosi  1 icate)  filter 
to  remove  any  small  particles,  before  reaching  a Gapmeter  (C6)  lC'0-2000  cc/min 
rotameter  which  tad  an  integral  regulator  tliat  v.it  used  to  ru  t.  r the  sample  flow. 

11. ■_  c.'.  1 1 br-r  i on  fir”;'  *ni  this  tMtanetet  ts  'n  l-)r.5.2w.  The  pump  use.; 

Li/  tiun.si  i.il  ti.e  amp’e  Wuj  ot  the  reetprr  can  r.g  d apnr.-gm  i /pt  ((  harles  AmsLi. 
l.i'l)  and  «as  dij'’e.i  I;.  1 .jiiaue  powei,  the  upstieui  Side  of  the  pimp  was  under  va- u’ln 
aiid  h.uice  a pieSouie  gauge,  U-76G  mm  llg  Bouidoti  type,  w.is  used  to  monitor  this 


pressure.  Three  glass  3-Way  taps  were  also  employed  in  the  system  to  enable 


either  of  the  two  operating  modes  to  be  set.  The  lengths  of  all  interconnecting 
Teflon  tubing  were  minimised  so  that  the  overall  residence  time  of  the  sample  in  the 
system  was  correspondingly  minimised,  residence  times  were  estimated  to  be  typically 
7 seconds.  Due  to: 

low  sample  line  residence  times, 

inert  materials  used  to  construct  the  actual  line, 


relatively  low  NO^  concentrations  anticipated  in  the  sample, 


i) 

ii) 

iii) 

iv)  available  kinetic  rate  data  (48), 

the  gaseous  phase  oxidation  of  NO  to  KO2  via  equation  (2.61)  in  the  sample  line  was 
assumed  negligible  (106),  this  was  later  confirmed  experimentally.  Leakages  into  the 
sample  line  were  found  to  be  negligible,  this  was  performed  by  passing  a standard  NO 
containing  gas  through  the  probe  and  determining  the  composition  of  the  resulting  gas 
which  reached  the  NO  analyser. 

X 

The  analyser  selected  for  NO/NO^  measurement  was  of  the  continuous  type  and  was 
the  Thermo  Electron  model  lOA  modular  type,  see  Plate  4 , and  utilises  the  chemi- 

luminescent chemical  reaction  between  NO  and  0.: 


NO 


0, 


MO^  + 0^  + hv 


(5.9) 


(A  0.6  - 3m) 

light  emission  occurs  when  electronically  excited  NO^  molecules  revert  to  their  ground 
state.  Fig. 5. 27  shows  a schematic  of  the  principal  components  which  comprise  this 
instrument  plus  the  ancillary  equipment  necessary  for  its  operation.  To  determine 
NO^  concentrations  (i.e.  NO  + NO^)  the  sample  flow  is  diverted  through  an  NO2  to  NO 
converter,  of  the  type  tested  in  Siewert's  experiments  (107).  Instrument  output  is 
linear  so  that,  in  all  cases,  calibration  is  performed  using  a single  standard  gas 
■950  ppm);  the  ranges  over  which  the  analyser  was  operable  were  zero  up  to  each  of 
_ , 1 , 2'.,  100,  250,  1000,  2500  and  10000  ppm. 

1.  a,,  IS  V. i continually  thr  iu.li  the  analyrec  hj’  means  of  a bypass 

i I (fi  in  1 1.«  ..ii.il  v.->ei  indicatt:,  ti...  L.pass  ilowrate  and  a set  of 

. . ,.i'i3  'wo  ,its..uic  logulatois  n.ai  nt  ai  iii.d  the  corre-.'t  flowrates  of  0^  and 
-i.e  iL.iction  chciiUei,  which  w..s  evacuate  ! by  .1  Welch  1399  Vacuum  Pump. 


Fig. 5.27  shows  how  each  of  i)  zero  gas,  ii)  calibration  gas  or  sample  gas  could  be 
admitted  to  the  analyser  by  means  of  a 3-way  valve.  Zero  gas  used  was  air  external 
to  the  laboratory  and  filtered  before  reaching  the  instrument,  laboratory  air  was  not 
used  due  to  the  slight  build  up  in  ambient  NO^  levels  anticipated  during  burner 
operation.  The  instrument  output  response  was  monitored  by  means  of  a Chessell  301 
miniature  chart  recorder  which  had  three  10  mV  input  channels,  chart  scale  width  was 
10  cm  and  the  recorder  response  was  extremely  rapid. 

The  operating  conditions  under  which  the  NO^  analyser  was  run  were: 

a)  0^  pressure:-  2 psi. 

b)  Reaction  chamber  vacuum:-  3-15  mm  Hg. 

c)  Sample  vacuum;-  5 ins.  Hg. 

d)  Sample  flow:-  0. 5-2.0  scfh,  typically  0.7  scfh  of  which  = 5%  reached  the 
reaction  chamber,  the  remainder  being  bypassed. 

Whenever  the  instrument  was  required  for  actual  data  acquisition  it  was  turned  on  at 
least  24  hours  beforeha.id  to  ensure  that  it  had  completely  warmed  up.  The  photo- 
multiplier dark  current  was  then  read  (usually  0-0.5  ppm),  before  the  instrument  was 
zeroed  and  calibrated  i.e.  ready  for  use.  Calibration  gas  used  was  950  ppm  NO  in 


Two  Grubb  Parsons  SB2  Infra  Red  Gas  Analysers  (IRGA)  were  used  for  the  purpose 
of  continuously  measuring  CO  and  CO^  concentrations  in  the  sampled  gases.  As 
Fig. 5. 28(A)  shows,  they  were  connected  in  series,  this  posed  no  real  disadvantage 
from  a response  time  point  of  view  since  steady  state  readings  only  were  required. 

A water  manometer  was  connected  as  shjvmi,  sufficient  flow  to  the  analysers  was 
assured  if  a pressure  drop  across  them  of  4"  W.G.,  i.e.  500  cc/min  was  registered. 
Both  IRGA's  were  connected  to  the  remaining  channels  of  the  Chessell  miniature  chart 
recorder  after  the  output  potentiometers  on  each  analyser  were  first  substituted  with 
lover  range  types,  this  enabled  sensitive  adjustment  of  the  output  signal  in  the 
r inge  O-iO  i.iV.  Fig.n.Tbih)  iibistrates  tl.e  principal  components  comprising  the 

T3,  .4 

i''< ..  t i- ^ g..  1 1 Mas  eiitpluvi^d  as  gas  ciini  a st.nivlaLd  gas  .roi  laxiung  7%  CO2 , 3% 

Both  JkGA's  were  sei'.'iced  Iriore  use  and  were 

- 1"U 


fi»  used  for  ralibiat  ion  nun  uses. 


left  permanently  switched  on  to  assure  steady  state  operation.  As  Fig. 5. 28(A) 
shows,  it  was  a simple  matter  to  check  the  zero/calibration  of  each  instrument 
before  making  any  actual  measurements. 

As  Fig. 5. 26  shows,  provision  was  also  made  in  the  sampling  line  for  the 
connection  of  another  analyser,  however  this  take-off  point  was  normally  used 


whenever  batch  samples  were  required  to  be  accumulated  in  sample  bottles  for 
analysis  by  gas  chromatograph.  This  method  of  analysis  was  used  for  checking 
IRGA  operation  and  for  the  estimation  of  CH^  levels,  as  the  latter  were  found 
to  be  typically  < 1%  they  were  not  in  fact  further  investigated. 


5.8(e) 


Isokinetic  Sampling  Procedure. 


Due  to  the  importance  of  sampling  isokinetical ly  which  was  stated  in 
5.8(a),  an  experimental  procedure  was  devised  that  enabled  the  sample  mass  flowrate 
to  be  adjusted  so  that  isokinetic  s.impling  under  any  burner  exit  flow  conditions 
could  be  obtained  as  accurately  as  possible.  It  is  perhaps  worth  mentioning 
that  various  gas  sampling  probes  have  been  designed  which  feature  additional 
capillaries,  these  allow  simultaneous  measurement  of  static  and  dynamic  pressures 
within  the  probe.  The  sample  flowrate  from  the  probe  can  then  be  adjusted  until 
these  pressures  balance  and  the  isokinetic  sampling  condition  is  achieved. 

Such  probes  suffer  three  drawbacks  however,  firstly  construction  difficulty  is 
enhanced,  secondly  the  overall  probe  cross-sectional  area  is  inevitably 
increased  and  lastly  the  additional  capillaries  nay  be  prone  to  blockage. 

Four  variables  are  required  to  be  measured  from  the  ri^j  to  provide  input 
data  for  the  procedure,  they  are; 

i)  thermocouple  probe  voltage  output,  M\’  millivolts. 

ii)  pitot  probe  manometer  reading,  h"  W.G. 

iii)  rig  ambient  temperature,  T °C  (as  measured  using  a Comark 
digital  thermometer). 

,iv)  Sci.ih'Il  III.-  oi.,.iuui,  '.i>  uw.  Ii'g;. 

lie  . 1.1.  riir  Cl 'll-.' i 1 .ntpr.t  MV  was  tiansla'id  Jut.o  ile  es'M.'tt'd  mean  gas 
1 t iiipei  atui  e , aJLei  ladiaiioii  heat  losses  had  been  eorieeted,  using  the  technique 
lie.Tiiil.ii  ill  Aiipe.i.iii.  1..  Slug  this  hid  hod  to- other  with  the  equation  of  state 


a curve  of  burner  exit  flow  density  p as  a function  of  the  variable  MV  was 

P 

constructed,  assuming  the  gases  to  be  composed  predominantly  of  nitrogen. 

This  curve  is  presented  in  Fig. 5. 23  and  was  fitted  by  the  quadratic  equation: 

p = (0.497  - 0.0325  MV  + 0.00072  MV^)  kg/m^  (5.10) 

P 

8 $ MV  $ 18  millivolts 

The  burner  exit  flow  mean  velocity  V was  computed  from: 

V = ( ) m/sec  (5.11) 

^P 

Now,  mean  isokinetic  sample  flowrate  is  given  by: 

.2 

m,  = TT  — V P kg/sec  (5.12) 

I 4 p 

-3 

where,  d = Probe  sample  capillary  ID  = 0.84  x 10  m. 

Measurements  of  the  probe  sam;  le  exit  flow  temperature  with  the  NiCr/NiAl 
thermocouple  established  that  this  temperature  never  exceeded  27°  C (see  next 
section  5.8(f)),  hence  after  passirg  the  cooled  water  trap,  the  sample  temperature 
was  assumed  to  be  close  to  ambient. 

Hence,  sample  volumetric  flowiate  at  rotameter  conditions  is: 

,2  Pp 

Q„  = n V — . 6C,000  lit/min  (5.13) 

R 4 Pj^ 

23  273  (730-AS)  , ,_3  .c  1/^ 

Pr  ~ 22.4  • (273+l„)  760  (5.1  ) 

K 

The  rotameter  calibration  was  at  N.T.P.,  Fig. 5. 30,  so  that  it  was  necessary 
to  apply  a density  correction  before  the  rotameter  could  be  used  for  measuring 
sample  flowrate: 

Q = Q (-— )^  (5.15) 

^NTP  ^R  D 

Now,  the  calibration  curve  Fig. 5. 24  was  fitted  by  the  linear  relation: 

SC  5.16  Q,  + 0.46  , (:  C 8)  (5.16) 

iiu<  ii  .f  ' hf  b ' eq"  ii  i U'S  i ii-  vj-  CIs  an  ;.ioii  lor  tl.e  rotameter 

n I'.rj  ■'  ( o ''oki’n*'''’  sai''pi"ig  K'l'  eny  rig  experimenral 

■ .n  j i 1 i >ais 


sc 


+ 0.46 


(5.17) 
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h p (273  . ■(„)  ^ 


r 


L (730  - AS)  J 
where  is  given  by  (5.10). 

A Hewlett  Packard  HP25  electronic  calculator  was  progrananed  to  compute  SC, 
using  (5.10)  and  (5.17),  from  the  four  rig  variables.  The  sample  line  regulator 
could  then  be  adjusted  until  this  flowrate  was  indicated  on  the  rotameter.  AS 
was  a function  of  regulator  setting  so  that  the  program  allowed  updating  of  SC 
as  the  sample  flowrate  was  varied.  The  advantage  of  using  the  portable  calculator 
was  that  the  isokinetic  sample  flc’wrate  for  any  experimental  conditions  could  be 
rapidly  and  easily  set  (essential  due  to  finite  sampling  run  times)  whilst  working 
on  the  rig. 


5.8(f)  Gas  Sampling  Runs. 

With  the  blue  flame  burner  fired  on  kerosine  a series  of  data  acquisition 
runs  was  made  to  measure  exit  flow  velocities,  temperatures  and  C0/C02/N0^ 
species  concentrations  for  a range  of  operating  conditions.  Such  data  was 
acquired  after  burner  steady  state  exit  flow  temperatures  had  been  reached  (=  15 
minutes),  at  which  point  the  cooled  sampling  probe  was  mounted  into  the  sampling 
stage.  The  probe  was  purged  as  described  in  5.8(d)  whenever  not  actually 
sampling;  a single  probe  failure,  as  manifested  by  a water  leak  from  the  tip, 
was  experienced  after  - 10  hours  sampling  time.  This  was  remedied  by  resoldering 
the  tip.  Due  to  the  limited  sample  flow  available  analysis  for  either  CO/CO2  or 
NO^  was  made  during  each  run,  throughout  which  frequent  zero  and  calibration 
checks  were  made.  The  maximum  probe  cooling  water  exit  temperature 
observed  was  = 43°  C. 

The  maximum  sample  temperature  at  the  probe  exit  measured  throughout  the 
sampling  runs  was  27°  C,  this  value  was  used  in  the  quench  efficiency  calculations. 
Appendix  C. 

fiiiiial  tisi  iiuis  pio'-ed  that,  under  dll  i.v>nditions,  the  MO2  content  of  tl.e 
..ii,ip).'d  g ises  O'  vei  i'x.  ceded  5%  of  iTie  nieasured  r0_  . ''h-‘  NO  Analyser  (CLA) 


A series  of  tests  under  various  conditions  was  carried  out  to  determine  whether 
or  not  the  actual  probe  could  introduce  similar  interference  errors,  the  procedure 
used  was: 


1.  Set  the  isokinetic  sampling  rate,  5.8(e),  and  measure  the  corresponding 
NO  concentration  with  the  CLA  for  the  probe  located  in  the  hot  exit  flow. 

2.  Turn  off  sample  pump;  change  from  sampling  to  purging  mode  and  switch 
pump  back  on.  (Air  pumped  back  through  the  probe  and  hence  no  surface 
(reduction)  interference  reactions). 

3.  Turn  off  sample  pump;  quickly  change  from  purging  to  sampling  mode  and 
turn  the  pump  on  again. 

4.  Examine  the  time  dependency  of  the  CLA-measured  No  response  using  the 
chart  recorder.  Compare  steady  state  value  with  1. 

Fig. 5. 25  shows  typical  transient  responses  observed  for  CLA-detected  NO  using 
the  chart  recorder,  for  both  stoichiometric  and  fuel  rich  overall  burner  operation, 
where  the  estimated  overall  equivalence  ratio  for  the  burner  d)  is  defined  as: 

Fuel  flow  rate  = ~ “ 0.0129  + 0.00641  0.000207  kg/min  ...  (5.18) 

Air  flow  rate  = m = 0-  2-  it)  kg/min  (5.19) 

AiK  j j 


Applying  a density  correction  to  Qj  to  allow  for  the  rotameter  calibration  (NTP) : 

A.227J 

“air  = ^ 

/ 730  + 25.4  P y 

= 7.554  X 10'^  Q.  \ 273  + T / (5.20) 

J ROT 


whe  re , 


Hence, 
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ROT 

is  given  by: 

( S'UEL 


blue  flame  burner  air  manifold  pressure,  "Hg. 


rotameter  air  temperature,  C. 
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--  AIR 

( 'VuEL  \ 

^ *ATk  / 
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0.068  m 
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AIR 


toi  ch 


(5.21) 


till'  lui-iiC'  IS  rue  1 hi!  ’•'ith  kcra'Ane. 

Releriii't  back  ct,  Fig. 3-29  rt  is  a,j,-aLuiiL  that  steady  state  levels  are 
Jtf  li'ed  a'fei'  20  sec.  althcugh  1 cult  s in  tic  i.iimcs  are  olcfrvc.cl  before  the  same 
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steady  state  levels  are  regained.  These  kinks  are  due  to  the  pressure  pulse 
transmitted  by  the  pump  when  it  is  turned  on.  It  is  important  to  note  that  only 
a decay  of  about  5%  in  steady  state  response  is  apparent  for  rich  operation  only, 
hence  it  was  concluded  that  possible  interference  reactions  within  the  probe 
would  have  minimal  effect  on  the  acxuracy  of  NO  gas  sampling  measurements.  Similar 
tests  were  conducted  for  CO/CO2  measurement,  for  which  zero  decay  in  steady  state 
level  was  observed. 

Fig. 5. 31  shows  the  CO2  measured  in  the  burner  exit  flow  as  a function  of  cho 
indicated  air  rotameter  reading  (i.e.  density  correction  not  applied,  small) 
and  for  a range  of  P^.  Fig. 5. 32  presents  the  similar  characteristic  for  CO 
pollutant  emissions,  it  should  be  roted  that  all  gas  sampling  data  was  obtained 
under  isokinetic  samp.ling  conditiois  and  is  expressed  on  a dry  basis. 

In  the  next  series  of  runs  the  BFB  N()  omission  characteristic  was  measured, 
soon  after  commencing  this  series  the  burner  became  noticeably  noisier,  with  exit 
flow  mean  temperatures  somewhat  higher  than  usual.  On  dismantling  the  burner  the 
recycle  path  was  found  to  be  partit.lly  blocked  with  flaked/oxidised  mild  steel 
which  had  lifted  away  from  the  combustion  chamber  wall.  Removal  of  this  material 
caused  a resumption  of  normal  BFB  C'peration.  NO  emissions  and  exit  temperatures 
were  determined  for  each  of  these  i "modes"  of  operation.  Figs.  5.33,  34,  35  present 
this  data  for  3 values  of  and  fc r the  former  mode  of  operation.  Figs.  5.36,  37, 
'•'3  give  the  same  characteristics  fc  r exactly  the  same  conditions  but  for  the  latter. 


i.e.,  normal,  mode  of  operation.  The  former  set  of  curves  then,  correspond  to 
reduced  levels  of  internal  recirculation,  accordingly  higher  values  of  NO  and  exit 
temperature  were  observed  than  for  normal  burner  operation.  Note  that  selected 
values  of  are  additionally  given  on  each  plot  (non  linear  scale)  and  that  in  all 
cases  NO  decreases  as  Qj  is  reduced  from  stoichiometric  proportions,  until  a 
minimum  is  attained,  after  this  point  it  incre-ases  again  as  the  burner  operation 
('■dii,,  . fii'm  (I-’  B'lifc  I I ti:e  V‘_-1  1 ow  F)  at'.,  ni'  dc . 

t’g..  -.I'.'  s .cw-'  ' tf  <**'‘("1.  ul  ihe  pri'bv'  ai'v-  late  Oi'  LI.,  measured  gas 

fc'"  ' ".f  si’er’cs  i",  (11.,  a.d  NO.  Ihe  curves  were  obtained 
t-  r the  )■  rnier  mode  c.t  BhB  operation  (a;  dcr,.  ribed  above),  as  were  the  transient 
lesp'iise  (uivts  given  in  big. 5. 29. 

• JOS 
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The  BFB  air  manifold  pressure  as  f(0j)  is  depicted  in  Fig. 5. 39,  it  is 
only  a weak  function  of  P^.  Another  burner  operating  characteristic,  the  exit 
flow  mean  velocity  as  f(Qj)  is  given  in  Fig. 5.40,  this  is  also  only  weakly 
dependent  on  P^. 

5.8(g)  Additional  measurements. 

CO,  CO^,  NO  profiles  in  the  BIB  exit  flow  orifice  were  found  to  be  nearly  flat 
with  the  maximum  in  each  occurring  on  or  close  to  the  burner  central  axis. 

Since  a cooling  of  the  recirculated  combustion  products  is  to  be  expected 
during  flow  around  the  Coanda  unit  it  was  decided  to  estimate  the  mean  temperature 
of  these  gases  just  prior  to  entry  of  the  inlet  plane  of  this  unit,  i.e.  after  heat 
exchange.  A Pt/Pt  13%  Rh  thermoccup le( bead  diameter  0.4  mm)  was  thus  mounted 
through  the  burner  headplate  after  being  conventionally  coated  with  silicon  to 
minimise  catalytic  effects.  Radic.tion  heat  losses  experienced  by  this  thermo- 
couple were  assumed  to  be  low.  Table  V presents  the  results  that  were  obtained, 
this  temperature  is  seen  to  be  1100  - 70  K. 

Finally,  Plate  5 shews  the  condition  of  the  burner  combustion  chamber  and 
Coanda  unit  after  completion  of  all  the  above  tests.  Note  the  "scaling" 
exhibited  by  these  mild  steel  components,  particularly  (i)  combustion  chamber  - 
immediately  downstream  of  Coanda  (i.e.  main  flame  zone),  (ii)  Coanda  unit  - 
rear  face.  Note  also  the  absence  of  such  effects  in  the  cooler  recirculation 
and  exit  flow  regions. 


TABLE  V.  MEASURED  MEA.N  GAS  TEMI’EPATURES ; BFB  Rt: CIRCULATION  PATH 


Indicated  Qj(lit/min) 

550  500  450  400  380  350  320  300  280  250 

A-Temperature(K) ; P^=160  psig 

10.13  1033  1041  1114  1146  1138  1090  1066  - 1041 

B-Teraperature(K) ;Pj=  120  psig 

10;'4  1024  1033  1049  - 112.  1138  1114  - 1057 

C- Temperature (K) ; l’^=80  psig 

1033  1033  K'41  1049  - 1016  1066  1114  1114  1074 

CHAi’TER  6. 
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ON-LINE  AUTOCORRELATION  MEASUREMENTS 


6. 1 Introduction. 

The  phenomenon  of  turbulence  and  its  influence  on  physical  mixing  processes 
in  heterogeneous  combustion  has  been  introduced  previously,  2.2(c)  and  3.5,  where 
it  was  shown  that  energy  spectra,  intensities  and  characteristic  scales  are  the 
most  important  turbulence  parameters  with  respect  to  mixing.  The  various  eddy 
size  ranges  comprising  the  energy  spectrum  were  also  identified  in  this  section, 
rates  of  turbulent  mixing  are  governed  by  the  energy  containing  eddies  although 
the  actual  process  is  carried  out  by  the  dissipation  eddies.  Because  a)  relatively 
little  is  known  about  the  behaviour  of  turbulence  eddies  under  hot  or  isothermal 
conditions,  b)  turbulent  mixing  processes  are  fundamental  to  all  types  of  combustion, 
it  was  decided  to  measure  typical  turbulence  scales  encountered  in  the  blue  flame 
burner  internal  flow.  Use  was  made  of  the  hot  wire  anemonetry  setup  Chat  was 
employed  for  mean  velocity  measurements  described  in  5. A,  this  unfortunately  ruled 
out  investigation  of  the  hot  flew.  This  Chapter  then,  describes  an  extremely 
interesting  technique  that  was  developed  for  the  estimation  of  characteristic 
turbulence  scales  by  the  on-line  analysis  of  hot  wire  anemometer  signals,  using  a 
digital  computer. 

It  is  possible  to  make  reasonable  estimates  for  characteristic  turbulence 
scales  from  turbulence  correlation  functions,  these  are  of  two  types. 

6.2  Cross  Correlation  Function. 


tot  the  (;o  signal.'-'  and  y(t)  ob'aine.l  Irom  ' '-’O  I'ol  wi  V'-  piobes  placed  close 

•■igethi.r  in  the  '’rbi’ent  i!cw,  tie  Inrrtion  rel.ates  the  siniLaritv  between  one  oi 
the  wevetoii.is  and  a time  shifted  version  ot  tl.e  ^ther  wavefoV'.n.  It  is  possible  to 
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derive  characteristic  eddy  length  scales  from  the  form  of  curve  (6.1)  but  the 
method  has  the  serious  drawback  that  spurious  results  can  be  obtained  due  to  the 


eddy  shedding  of  the  forward  probe.  In  addition,  the  limited  area  available  at 
the  burner  exit  for  the  insertion  of  probes,  ruled  out  the  accurate  positioning 
of  more  than  one  probe  within  the  combustor  flowfield. 

6.3  Auto  Correlation  Function. 


This  function  is  defined: 


R (t) 

XX 


lim  _1  r 

T-*-a>  T I 


x(t)x(t-T)  dt 


(6.2) 


The  autocorrelation  function  relates  the  similarity  between  a waveform  and  a 
time-shifted  version  of  the  same  waveform.  It  is  again  possible  to  derive  chara- 
cteristic length  scales  from  the  curve,  this  approach  has  the  considerable 
advantage  that  a single  probe  is  required  to  measure  this  curve.  When  a particular 
eddy  is  distant  from  the  probe  is  zero  and  when  the  eddy  is  central  about 

the  probe  value  unity;  hence  the  time  taken  for  the  eddy  to  sweep 

past  the  probe  can  be  deduced  and  consequently  the  eddy  size  estimated. 

The  autocorrelation  function  is  convenient  to  work  with  also  since: 


R (t) 

XX 


R ( - X) 

XX 


As  Fig.6.1(ii)  depicts  the  curve  maximum  occurs  at  x =0,  the  diagram^shows 
also  that  for  a typical  autocorrelation  function  there  is  a zero  crossing  before  the 
curve  gradually  settles  back  to  zero.  The  autocorrelation  shown  in  Fig.6.1(ii)  is 

of  the  normalised  type  p (x),  where: 

XX 


p (x)  = R (x)/R  (0)  and  -l^p  (x)  ^ + 1 

XX  XX  XX  XX 


(6.3) 


As  will  be  seen  shortly,  it  is  possible  to  transform  (6.2)  to  the  frequency 
domain  by  means  of  the  Wiener-Khintchinc  relation  to  obtain  the  corresponding  Power 
Spectrum,  which  can  give  useful  information  concerning  the  dominant  turbulence 

1 1 i.  iK.  i . 

■ iirniii’  111  I ha ) ar  I . I i I I (,  a ti  i 'CO  Tie  1 a ' I On  ilviLMvd  loui.l''  scales,  the  macro 
die  • is  defined  is  the  integral  of  the  normalised  ai  ocorielation  function: 


Odt 


(6.4) 


M.b  • 


It  is  then,  simply  the  area  under  the  curve.  Now  for  a turbulence  of  relatively 
low  intensity  it  is  possible  to  invoke  Taylor's  Hypothesis  to  obtain  the  corresp- 
onding length  scale  A . This  hypothesis  states  that  time  variations  in  the  flow 
velocity  observed  at  a fixed  point  would  be  approximately  those  due  to  the 
convection  of  an  unchanging  spatial  pattern  past  the  point  with  the  mean  flow 
velocity  U.  Hence, 


T U 
ma 


U I P^^(x)dT 


(6.5) 


This  macroscale  is  also  known  as  the  integral  scale,  it  tends  to  select  the  average 
size  of  the  largest  eddies  in  the  turbulence  spectrum.  The  micro  time  and  length 
turbulence  length  scales  are  defined  mathematically: 


p ^2>(o) 

XX 

and  using  Taylor's  Hypothesis  again. 


(6.6) 
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(6.7) 


The  microscale  is  characterised  by  the  correlation  function  near  the  origin  since  the 
shape  of  the  curve  in  this  region  is  attributable  to  the  smallest  eddies  of 
corresponding  high  frequency  present  in  the  turbulence.  For  small  values  of  t the 
autocorrelation  curve  may  be  approximated  by  a parabola.  Fig. 6. 2,  this  is  known  as 
the  osculation  parabola.  The  micrc  length  scale  A^^  is  considered  to  b|  a measure 
of  the  smallest  eddies,  to  measure  this  to  any  real  accuracy  naturally  requires 
that  the  length  of  the  hot  wire  probe  be  of  the  same  order  as  the  smallest  eddies 
present.  It  is  well  known  that  the  correlation  function  may  be  expressed  in  the 
form  of  a Taylor  Series: 


/■  ^ T ^ 1 2 r 3^p"i  1 ^ 


(6.8) 


Tciking  ui.iy  the  tiri.L  2 l._rms  of  this  series,  v'e  can  deduce  an  expression  for  the 
' i.scii  i I l(.|  pa  ah  la,  (6  (>)  • 


;(■)  - 1 


and  (6.8)  can  be  conveniently  reexpressed: 


p(t)  = 1 - Y ^ + (6.10) 

"mi 

6.4  Correctioii  oi  Measured  Autocorrelation  Length  Scales. 

Any  correlation  measuring  system  has  a finite  time-resolution  power,  this 
causes  a smoothing  of  the  correlation  function  which  is  naturally  undesirable,  the 
time-resolution  power  is  characterised  by  amplitude  and  phase  attenuation  at  high 
frequencies.  It  can  be  shown  (113)  that  the  time  resolution  error  is  usually 
negligible  for  a properly  adjusted  hoc  wire  anemometer,  so  that  the  time  resolution 
error  (i.e.  finite  frequency  response)  of  the  correlation  measuring  system  need 
only  be  evaluated.  Before  describing  the  correlation  measuring  system  used  a 
method  for  correcting  measured  autocorrelation  length  scales  is  presented,  the 
method  is  due  to  Andersen  (114).  Measured  autocorrelations  and  associated  length 
scales  are  bracketed  as  < >.  Fig. 6. 3 illustrates  the  general  setup  in  which  a 

hot  wire  anemometer  is  used  to  transduce  the  turbulent  velocity  fluctuations  and 

X(f)  is  the  frequency  response  function  for  the  Total  Measurement  System.  X(f) 

« 

has  separate  phase  and  amplitude  components. 

Now  it  may  be  shown  that  (1)  the  power  spectrum  of  the  output  signals 
<G  (f)>  is  related  to  the  power  spectrum  of  the  input  signals  G (f)  by: 


<G  (f)>  = X(f)*X(f).G  (f) 

XX  XX 

where,  * denotes  a complex  conjugation. 

The  Wiener-Khintchine  relation  is: 

oo 

F = I dT  “ }G(f) 

rt  . 

where,  F denotes  a Fourier  Transform;  oj  = Zttf 

I-  -J 

Hence,  (6.11)  may  be  rewritten: 


r k (>vi 

• X<  t )'^x(f) . F 

R (c) 

1 ! 

y \ 

or,  life  naii'.’c'y,  in  ;h  im.rc  rsetul  fi'ii..: 


(6.11) 


(6.12) 


(6.13) 
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(6.14) 


after  transforming  to  the  time  domain,  where. 


,(t)  = F 


■1  r —1  - 

X*X 


= the  Weighting  Function  describing  correlation 


correction 


K = the  Operator  for  correction  of  measured 

autocorrelations . 

/\ 

The  problem  then  is  to  derive  an  expression  for  to  enable  measured  auto- 
correlation functions  to  be  corrected  for  the  finite  frequency  response 
property  of  the  total  measuring  system.  As  a first  approximation  this  property 

is  represented  by  the  characteristics  of  a low  pass  filter,  i.e.: 


b + p 
X 


(6.15) 


where,  p 


f •=  b /2it 

X X 


filter  cut  off  frequency. 


Therefore: 


■1  r ^x  ~ 

(b^-p)  ■ (b^+p) 


F 1 - 


(6.16) 


Since,  (114): 

F ^(p”)  = 6^*'^(t);  5 = delta  function 

(n)  = n^'^*  derivative 

So  that  (6.16)  into  (6.14)  becomes: 


■ K (r-t  ) • )dl 
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(6.17) 


Since,  (114): 


f 5^"^(t)  R (T-t 


)dt  = (-1)^  R^"^  (t) 


Hence,  th^^  required  correction  expression  for  this  case  is: 


XX 


Jj. 

1-  O 


2 3t2 

L)  oT 
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(6.18) 


An  expression  for  the  undistorted  macroscale  A in  terms  of  <A  > , 

^ Oci  TDa 


measured  macroscale,  may  now  be  deduced.  From  (6.5): 


<A  > 
ma 

X 

ma 


U <p  > di 
XX 
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I XX 
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R (0) 

XX 


<R  (0)> 

XX 


ma 


the 


this  is  because  X*X  = 1 at  f - 0. 
Hence,  using  (6. 3), (6. 14)  and  (6.18): 


<A  > 
ma 


V h ^ ‘ 

X 


h=0 


Inserting  (6.10)  into  this  equation  gives: 


<A  > - A 
ma  ma 


<T  > - T 
Dia  ma 


= 6 ' 


2 7 

b <T  •> 

X mi 


(6.19) 


ma  nia 

An  expression  for  the  undistorted  microscale  A^^  in  terms  of  <A^>  , the  measured 
microscale,  may  now  be  similarly  obtained.  Using  (6.10): 


1 * i <p<‘>(0» 


Si”(  X . , is  1 M’ear; 
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mi 
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Substituting  x «»  0 into  (6.20)  and  using  the  previous  result  (6.19): 


p^^ho) 

XX 
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2 b ^ 
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1 + b <T  •> 

X mi 
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(6.20) 


So  that,  using  (6.6): 


<T  .> 

mi 


1 (b,/<T„:>)"^<p'^^0)> 

X ml 

1 + e' 


(6.21) 


Equations  (6.19)  and  (6.21)  enable  approximate  corrections  to  the  measured 
macro  and  micro  scales  respectively  to  be  made  using  a simple  frequency  response 
analysis.  This  treatment  could  be  made  more  detailed  if  X(f)  for  any  actual 
measuring  system  is  accurately  known. 

6.5  Autocorrelation  Measurement  Facility. 

A PDF  8/E  digital  computer  was  used  for  the  on-line  acquisition  of  autocorrelation 
data,  a DISA  55D05  hot  wire  anemometer  being  employed  to  transduce  isothermal  turbulent 
velocity  fluctuations.  The  complete  hot  wire  anemometry  setup  has  been  previously 
described  in  (5 . 4,5 . 5) , see  Fig. 5 .9 , 5 . 10.  After  appropriate  filtering,  the  hot  wire 
anemometer  signal  (from  point  A of  Fig. 5. 9.  Fig.6.1(i)  shows  a typical  hot  wire 

anemometer  output  signal  at  any  instant  in  time,  the  DC  Level  having  been  removed, 
note  the  range  of  frequencies  present.)  was  fed  into  a LAB  8/E  (Dec  Standard 
Equipment)  interface  system,  before  actually  entering  the  compjter  which  was 
prograinned  to  control  i)  data  acquisition,  ii)  data  storage  and  iii)  data 
processing  to  derive  the  required  autocorrelation  function. 

Fig. 6. 4 schematically  shows  the  complete  hardware  arrangement  which  was  used, 

I I.f  fun.,  ti.'j.i  Jt  , he  fil'et  iiel  yc-rl.  F wLli  be  discussed  shortly.  As  ULi.s  diagram 
<iis''  cf  'i  I deck  pcir  j pile . i u..  ' t 1 1 a''d’l  ih]e  f..,  .ntormeJi ate  and 
j.i  I u.td  t ii->  ' ' i.  ute)  w .s  j..Lera..t1'(-el”  cc  ifoU.d  by  a teletype  device. 


i.  1 


Hot  wire  anemometer  signals  were  digitised  by  an  A+D  converter  before  being 
processed  by  the  PDP8/E,  a multiplexing  unit  was  needed  for  the  electronic  scanning 
of  information  input  channels  - although  only  one  channel  was  required  for  auto- 


correlation measurement.  An  electronic  clock  unit  provided  input  to  the  computer 
since  time-dependent  calculations  had  to  be  performed.  On  the  output  side  a 
Visual  Display  Unit  and  an  XY  Plotter  were  connected  via  a D-*A  converter.  The 
VDU  enabled  instantaneous  display  of  either  the  input  anemometer  signal  or  the 
computed  autocorrelation  function  as  desired,  throughout  the  course  of  data 
acquisition.  From  equation  (6.2)  it  can  be  appreciated  that  a considerable  amount 
of  time  is  required  to  accurately  compute  an  autocorrelation,  hence  the  value  of  the 
VDU  for  monitoring  purposes.  The  XY  Plotter  was  used  for  making  hard  copies  of 
any  particular  curve  displayed  on  the  VDU,  the  XY  plotter  was  synchronised  to  the 
VDU  device. 

Now  the  sampling  of  continuous  information  is  in  fact  a critical  operation 

which  is  subject  to  important  restrictions.  The  most  important  limitation  to 

continuous  sampling  of  information  was  first  formulated  by  Shannon,  whose  theorem 

states  that  the  maximum  frequency  of  a sampled  signal  must  not  be  greater  than  one 

half  the  frequency  corresponding  to  the  maximum  sampling  rate  of  the  system. 

* 

Frequencies  greater  than  this  maximum  value  are  incorrectly  interpreted  Its  lower  ones, 
unless  they  are  removed  noise  is  introduced  into  the  sampled  signal.  As  will  be 
discussed  below  the  maximum  sampling  rate  of  the  autocorrelation  measurement 
facility  was  0.1  millisec  so  that  the  maximum  frequency  which  could  be  sampled  was 
5000  Hz,  hence  the  use  of  the  filter  network  F which  is  shown  in  more  detail  in 
Fig. 6. 5.  Since  only  the  fluctuatirg  component  of  the  anemometer  signal  was 
required  the  DC  level  was  removed  by  means  of  the  high  pass  section  of  the  filter, 
time  constant  R'C'  =0.1  sec.  Frequencies  greater  than  the  maximirm  permissable 
were  suppressed  by  means  of  the  differential  amplifier,  whose  bandwidth  w»as  set  at 
t - oiiOO  Hz.  Tire  d' ft*  real  lal  amp.'iljei  was  thus  eilecLiuply  used  as  a low?  pass 
vl'-'-'h  '.■••■••'d  I a”e  th<>  sLgu..'  d"..'n  to  3 dH  at  Hz;  the  tate  of 


sif'ral  Was  b'^’S'  d 'w  ensire  thae  it  W'as  10  dB  down  at  this  frequency,  a 


low  pass  filter  section  of  time  constant  RC  = 0.2  millisec  was  thus  used.  Now  the 


range  of  signal  voltage  which  could  be  fed  to  the  A-+D  converter  was  - 1 volt,  the 
input  potentiometer  located  on  the  interface  was  therefore  adjusted  to  ensure  that 
the  filtered  signal  was  within  this  range.  It  should  be  appreciated  that  the  net 
measuring  system  exhibited  approximately  the  characteristics  of  a lowpass  filter 
of  cut  off  frequency  f^  = 5000  Hz.  The  technique  described  in  6.4  was  used  to 
correct  measured  autocorrelations  for  the  associated  time  resolution  error. 

Turning  now  to  tlie  software  side  of  the  POP  8/R  on-line  technique,  a 
standard  (Dec)  program  C0KD3  was  employed  for  the  acquisition  of  autocorrelation 
data.  C0RD3  completely  haitdled  the  input  of  information  to  the  system,  data 
storage  and  evaluation  of  the  nomalised  autocorrelation  function,  control  of  C0RD3 
was  effected  by  means  of  high  level  commands  transmitted  from  the  teletype.  The 
maximum  sampling  rate  of  the  hardware  plus  software  combination  was  0.1  millisec. 
Processing  of  the  ac  wired  data  will  he  described  in  6.7. 

6.6  Experimental  Procedure. 

The  turbulence  autocorrelation  function  was  measured  at  various  points  along 
the  combustor  central  axis.  At  each  point  of  measurement  the  location  of  the  hot 
wire  probe  was  accurately  set  by  means  of  its  traversing  mechanism,  after  the 
probe  had  first  been  calibrated  so  that  U at  each  point  could  be  determined. 

All  data  was  obtained  at  air  input  flowrates  of  300  ]it/min.  Sinee  the  initial 
section  of  the  autocorrelation  curve  i.e.  before  the  zero  crossing,  is  of  most 
importance,  the  range  of  displaced  time  t over  which  each  curve  was  acquired  was 
0 -»•  10  millisec.  At  each  measurement  point  the  correlation  function  was 
"built  up"  for  an  integration  time  of  at  least  30  mins,  combustor  conditions  being 

frequently  checked  throughout  this  period,  Oj  and  anemometer  bridge  voltage  were 

periodically  recorded.  The  acquired  autocorrelation  function  was  then  stored  as 
a dJ'a  ti^e  '-n  a raa^nef'i  tap**  ti'r  subsf.jue.n  I pi  Di.essi  ug. 

6./  I'lO^eSbiin,  ot  A_uLi-loci  e l^t  i^n  D^ta  aa^  Ptsi. ' tr  I't'ain^d. 

Th-  dal  j f.ii  fail)  au  t Dcoice  1 al  ion  v n vi-.  wa.s  piotti;.!  c ,i  accurately  using 

tli.-  f.i  pioLur  and  A<  si,,i  d pai.er,  tl.es..  )ileLs  then  In  iug  n......  _J  to  A4  size. 

1 'i  . 


A standard  (Dec)  program  DAQUAN  for  data  processing  was  employed  for  controlling 
the  XY  plotter,  the  plot  routine  incorporated  in  this  program  was  extremely 
sophisticated  and  had  provision  for: 

a)  Controlling  the  VDU  monitor  (on  which  the  particular  curve  was  first 
displayed) . 

b)  Synchronizing  the  XY  Plotter. 

c)  Calibrating  the  Plotter. 

d)  Plotting  a graticule  plus  scales  on  the  paper  as  well  as  the  curve. 

e)  Overall  control  of  the  plotting  routine  from  the  teletype. 

f)  Providing  a linear  interpolation  between  each  point. 

Before  the  actual  autocorrelation  data  file  could  be  loaded  into  DAQUAN  a 

series  of  conversions  was  necessary  to  ensure  that  the  data  had  the  correct  format 

and  was  in  the  range,  0 $ (data  value)  5 1000.  A BASIC  program  was  written  to 

handle  this  conversion  and  also  coirpute  measured  correlation  timescales,  the 

program  then  corrected  these  values  for  the  time  resolution  error  as  detailed 

in  (6.4).  Appendix  D describes  this  program  in  some  detail.  Multiplication 

of  these  timescales  by  the  prevailing  mean  velocity  U then  yielded  the  required 

estimates  of  micro  and  macro  length  scales  for  that  measurement  point. 

Using  the  above  measurement  ard  processing  techniques  data  was  acquired  for 

a range  of  points  along  the  combustor  central  axis.  Fig.  6. 7 is  an  example  of  a 

measured  autocorrelation  for  )c/(ic,  + i ) = 0.  In  each  case  isothermal  flow, 

4 ex 

characterised  by  Qj  = 300  lit/min  , was  prevalent.  Fig. 6. 6 then  shows  the 

profiles  of  X and  X . that  were  cerived,  these  results  arc  discussed  in 
ma  mi 


Chapter  8. 
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CHAl^ThR  7. 

THEORETICAL  MODEL  AND  PREDICTIONS 


7 . 1 Foreword. 

This  section  presents  details  of  the  mathematical  model  which  was  derived  for 
the  blue  flame  burner  and  utilised  the  general  stirred  reactor  and  evaporation  theory 
given  in  Chapter  A great  deal  of  model  input  information  was  obtained 

experimentally,  as  described  in  Chapter  5,  this  data  is  hence  discussed  in  this 
Chapter  rather  than  in  the  succeeding  one.  Model  predictions  are  then  presented. 

7.2  The  Blue  Flame  Burner  Stirred  Reactor  Network. 

In  3.2  the  BFB  "expected"  flow  pattern  was  described  in  order  to  explain  the 
burner  operating  principle,  confirnation  of  this  flow  pattern  was  provided  by  the  iso- 
thermal hot  wire  anemometer  measurements  of  U and  T%,  5.5.  Examination  of  Fig. 5. 12 
shows  the  position  of  the  high  velocity  attached  layer,  this  profile  decays  to  that 
shown  in  Fig.  5.11  at  the  Coanda  exit  plane  due  to  mixing  across  the  attached  layer. 
Notice  that  the  centre  line  velocity  is  increasing  as  would  be  expected.  As  Fig. 

5.13  shows  this  axial  mean  velocity  continues  to  increase  until  » 0.15  (Jl^  + ^ex^  * 
after  this  point  U decays  until  a constant  value  is  reached  at  Jl  » 0.55 
Now  the  Coanda  exit  flow  is  a type  of  enclosed  jet  flow,  as  illustrated  in  Fig. 7.1, 
with  the  point  of  impingement  on  the  combustor  wall  Z occurring  at  distance 
= 0.55  (I,  + a ) from  the  Coanda  exit  plane.  Hence  the  boundary  of  this  enclosed 
jet,  prior  to  Z,  is  given  approximately  by  the  dashed  line  in  Fig. 7.1,  U thus 
decreases  in  this  region  as  the  flow  effective  cross  sectional  area  increases. 
Recirculation  of  combustion  products  from  the  flame  zone  takes  place  across  this 
boundary.  Fig. 5. 14  shows  that  the  axial  turbulence  intensity  varies  as  the 
reciprocal  of  H,  again  if  should  be  emphasised  that  Fig. 5. 14  pro\<ides  only  the  trend 
ill,  ..'id  ' it  a'liji.le  r.iaguilude  of,  axial  14.  Regions  of  accelerating  flow  are 
eh  i’'a'' ' er' sed  '>’•  dec'ea-.'"g  i/„  aini  viie  'ti.sa.  CtiCays  ihrough  the  dissipation 

cf  ti;rb’Ur.."e  caergv  a'rf gfi,  as  '•ig.^.i/i  >"•'  to  , y low  levels  as  reguired 

tor  jtit...  t mixing  Note  that  L'  decreases  .slightly  jnst  be*'u’'e  I = 0.83 


this  is  due  to  the  fact  that  a small  amouut  of  flow  recirculates  at  this  point  as 


shown  in  Fig. 7.1.  Beyond  this  point  U increases  to  a new  constant  value  at 
Ji,  = 0.9  (g,  + g.  ) due  to  a contraction  of  the  flow  by  the  exit  orifice. 

From  the  above  flow  pattern  considerations  it  is  possible  to  deduce  a stirred 
reactor  network,  to  model  the  BFB  combusting  flow  at  steady  state,  assuming  the  hot 
flow  pattern  to  be  essentially  the  same  as  the  isothermal  flow;  this  network  is  given 
in  Fig. 7.2 . 

Since  the  mean  gaseous  residence  time  in  the  Coanda  unit  throat  is  so  small 
3 

(volume  = 30  cm  ) it  follows  that  a stirred  reactor  (stable)  could  not  be  used  to 

represent  this  region,  hence  the  throat  is  assumed  to  act  as  an  isothermal  mixer  of 

atomising  spray,  feed  air  and  recirc. elated  gases.  The  mean  gaseous  residence  time 

in  this  volume  is  assumed  to  be  equ£ 1 to  the  .spray  atomisation  time.  WSR^  is  used  to 

approximate  the  main  flame  zone,  its  volume  is  assumed  equal  to  the  truncated  cone 

bounded  by  the  dashed  lines  in  Fig.i.l,  i.e.  240  cm  . Equation  (2.22)  and  Figs. 

5.39,40  were  used  to  estimate  the  mixing  parameter  for  this  reactor,  its  value  is 

thus  300.  The  secondary  .lame  zone  is  represented  by  another  well  stirred  reactor 

WSR2,  rather  than  a PFR  du.j  to  two  niain  considerations.  Firstly  the  level  of  CO^ 

in  the  BFB  exit  flow,  Fig. 5. 31,  is  rot  compatible  with  complete  burnout,  and  secondly 

the  relatively  high  levels  of  U and  TZ  in  the  exit  flow  suggest  insufficient 

dissipation  of  turbulence  energy.  The  volume  WSR^  is  the  combustion  chamber  volume 

3 

downstream  of  the  point  Z i.e.  280  cm  , for  this  reactor  was  therefore  set  to 

a low  value  - it  was  estimated  as  being  of  the  order  of  7.  Plate  5,  which  is 
discussed  in  5.8(g),  also  confirms  the  position  of  the  main  flame  and  cooler  zones. 
Both  stirred  reactors  in  Fig. 7.2  are  assumed  to  operate  adiabati cal ly  as  a first 
approximation . 

7.2(a)  Blue  Flame  Burner  Recirculation  Level. 

I 

Heasurements  of  the  Blii  internal  recirculation  character) st ic  under  isothermal 


1 ..y  .01.(111  nj,  ,.,.1,  ^ i(..-.l  ii.  5 4.  ;.iut;i,ivs  lO  ...  i(Qj)  for  3 values 


( r'd'ti  S.  ticv  Jt  I 'ef  ined.-i'iied  est)"dies  toi  A.  a. id  A given  in  this  section 


arc  i'.S£!''(’d  inr-'  (4  /V)  *or  S - n.u'O  i'.>'h-s,  > e.  A /A-  *■  21,  then  this  theoretical 

.1 

eqiatij..  uay  !,e  dir«.ctl  on.  aied  ..  t li  the  ap,  ri  pi)  .it  e c'lr'V  in  i'ig.5.8.  Hence  it  is 
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estimated  that  the  entrainment  efficiency  factor  h relating  the  theoretical  value 
of  4*  to  the  typical  measured  value,  = 0.39  for  “ 250  lit/min.  The  justifi- 

cation for  permitting  this  term  in  (4,78,79)  is  provided  by  the  fact  that  the  simple 
momentum  exchange  analysis  given  in  4.5  is  almost  independent  of  the  "mixing  length" 
between  the  Coanda  inlet  and  exit  planes,  since  the  influence  of  the  skewness 
factors  on  tp  is  comparatively  weak,  lig.4.11.  All  hot  tests  made  on  the  BFB  were 
conducted  for  the  above  value  of  S,  also,  it  was  necessary  to  assume  that  this  value 
of  n prevailed  under  combustion  conditions.  The  term  in  (4.78)  corresponds  to 
the  recycle  gas  composition  and  is  evaluated  at  the  measured  recycle  gas  mean 
temperature  given  in  Table  V.  The  air  feed  density  pj  is  evaluated  at  temperature 
T^Ir,  which  is  the  estimated  air  tem;5erature  as  it  passes  through  the  Coanda  slit. 
Hence  is  now  directly  available  via  (4-80). 

7.3  Spray  Evaporation  Data. 

The  molecular  formula  for  the  kerosine  fuel  used  in  all  tests  except  5.3  is 
assumed  to  be  ^^^2^24*  ^^i®  is  reasonable  as  its  ultimate  chemical  composition  is 


86.3% 


C,  13.6%  H2  and  0.1%  S.  Other  properticc  of  the  fuel  are  density  790  kg/m  , 


B.Pt.=  493  K and  LHV  300  kJ/kg. 

In  order  to  estimate  fuel  evaporation  rates  in  WSRj^  and  WSR2  the  general 
theory  given  in  4.4  is  used,  where  /!t  = 10  ^ sec.  Equation  (5.8)  is  used  for 
calculating  (4 . 48->52 , 55)  employed  for  calculating  the  fuel  spray  ISD. 

Note  that  these  correlations  have  bt:en  adjusted  so  that  they  in  fact  predict  the 
experimentally  measured  data  given  ].n  5.7,  also,  x"  < x. 

The  evaporation  calculations  g_ven  in  4.4  are  essentially  fe.r  1-dimensional 
flow  by  necessity.  Also,  although  ^R^j^(t)  exists  between  the  two  phases,  it  is 
convenient  to  assume  equal  phase  residence  times  in  all  reactors  to  avoid  excessive 
analytical  complexity.  Droplet-droplet  interference  effects  within  the  spray 
are  iiegJecfod. 

thi',  mcMiel  for  tta  liV'B  Figs  / 3 <-5  were  predicted. 


I lit  allow  .1'  a t (t.me,  i.'.  cis'aiue  f ■ t-.  ' i--  at  omia.  r . L,..-  sensitivity  of 

fi(')  ( ,)  'i  Q.  diij  p is  .etlwitod  ill  7 3,  4.  > 'cS'.e  li  I'lv. 
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7.4  General  WSR  Input  Data. 


The  identity  and  order  of  the  gaseous  species  used  in  the  WSR  system  of 
equations  is  as  follows: 

(H.N.O.OH.H^O.Kero.CO.NO.N^O.CO^.H^.O^.N,)^^^^;  («2  *‘'"^°^nmixed 

hence  the  values  of  the  integers  N=9,  MT=13,  NT=16.  The  four  element  conserv- 
ation balances  which  are  used  for  calculating  for  the  last  four  mixed  species  are: 


(Carbon) 

s 

12  Kero  + CO  + CO2 

(7.1) 

(Hydrogen) 

= 

iH  + iOH  + H^O  + 12  Kero  + H^ 

(7.2) 

(Oxygen) 

= 

iO  + iOH  + JH20  + iCO  + iNO  + 

iN20  + CO2  + O2  (7.3) 

(Nitrogen) 

= 

iN  + iNO  + N2O  + N2 

(7.4) 

The  chemical  reaction  mechanism  and  associated  kinetic  data  used  to  describe 
kerosine  combustion  in  the  BFb  model  is  given  in  Table  VI. 


TABLE  VI. 


BFB  MODEL  REACTION  MECHANISM 


Reaction 

-j- 

E . (cal /mole) 

1 

KERO 

602 

12H2 

12C0 

.552000!*0« 

.1240002*05 

, 1 000002*01 

CO 

OH 

C02 

H 

,56000Cf*12 

,5440002*03 

0. 

3 

H 

02 

OH 

0 

.2200001*13 

.8450002*04 

0. 

4 

0 

H2 

OH 

H 

.1800002*11 

, 4480002*04 

. 1 000002*01 

i 

H 

0 

OH 

M 

.5300002*16 

-.2780002*04 

0. 

6 

H 

OH 

H20 

M 

.1400002*24 

0. 

-.2000002*01 

? 

H 

H 

H2 

M 

.3000002*16 

0. 

0. 

H 

0 

0 

02 

M 

.4700002*16 

0. 

-.2800002*00 

9 

N 

02 

NO 

0 

.6400002*1 0 

,3150001*04 

. 1 000002*01 

10 

N2 

0 

NO 

N 

.7600002*14 

,3800002*05 

0. 

11 

N 

OH 

NO 

H 

.3200002*14 

0. 

0. 

u 

Hd 

0 

N20 

.1622002*12 

,1601002*04 

0. 

1 3 

HdO 

0 

NO 

NO 

.4581002*14 

.1213002*05 

0. 

u 

HdO 

0 

N2 

02 

.3811002*14 

,1213002*05 

0. 

15 

fidO 

H 

N2 

OH 

.2931002*14 

,5420002*04 

0. 

Id 

OH 

H2 

H 

H20 

.2190002*14 

,2591802*04 

0. 

17 

OH 

OH 

0 

H20 

.5780002*13 

.3930002*03 

0. 

Note  that  the  first  reaction  is  the  quasiglobal  reaction  (2.27)  with  n = 12  and  m - 24, 
the  reverse  rate  for  this  step  is  zero.  The  remaining  16  reactions  were  previously 
introduced  in  2.2(d),  the  kinetic  data  for  these  reactions  was  taken  from  Baulch 
et  al  (48).  It  is  apparent  from  Table  VI  that  NR  = 17.  The  coefficients  in  the 

thermodata  polynomials  (4.43)  w«re  obtained  from  McBride  et  al  (110)  for  all  species 
except  gaseous  kerosine,  the  technique  devised  for  obtaining  the  coefficients  for 
this  important  species  is  given  in  Appendix  A. 
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The  equations  used  to  compute  equilibrium  composition  for  any  specified  T are 
given  in  Appendix  K,  in  order  to  additionally  calculate  the  equilibrium 

(adiabatic)  flame  temperature,  it  is  necessary  to  iteratively  solve  a heat  balance 
involving  product  species  heat  contents  and  heats  of  formation.  Hence  this  "full' 
equilibrium  calculation  is  vejy  time  consuming,  Fig. 7.6  shows  the  results  of  such 
a calculation  using  a modified  computer  program  written  by  Burdett  (116).  is 

the  reactor  feed  temperature  and  the  equivalence  ratio  is  defined: 


Fuel /oxygen  _ 18(Carbon) 

^WSR  ■ (Fue  1 /oxygen)  “ 12(0xyg'en)  ° 2 [(7.3)  RHSj 


3 iO.l)  RHSJ  , 

2 [(7.3)  RHSJ 


5) 


^WSR 


is  conveniently  defined  in  this  way  since  a reactor  feed  stream  may  contain  any 


species  which  appears  in(7.1,3)  as  reactants.  It  was  found  that  the  temperature 
(T^^  - 200)  provided  a good  initial  guess  icr  commencing  the  WSR  solution  procedure 
shown  in  Fig. 4. 2.  In  order  to  avoid  the  time  consuming  computation  of  “ 200) 

in  the  model,  each  of  the  curves  in  Fig. 7.6  were  fitted  by  three  straight  lines, 
linear  interpolation  being  used  for  any  between  these  curves.  The  above  relation 
for  allowed  this  guess  to  be  applicable  to  all  rea.  tors  in  a network. 

7 . 5 Computer  predictions. 

The  computer  program  GRASP  was  developed  for  general  heterogeneous  combustor 
simulation  studies  in  accordance  with  the  requirements  in  2.5.  It  is  intended 
that  a wide  variety  of  stirred  reactor  networks  may  be  investigated  using  this 
basic  program.  GRASP  is  presented  and  fully  described  in  Appendix  F. 

7.5(a)  Effect  of  on  WSR  temperature. 

As  mentioned  in  F (a)parametr ic  evaluations  are  efficiently  carried  out  using 
Subroutine  DALTER  of  GRASP,  this  facility  was  used  to  determine  the  effect  of 
on  WSR  perfoimar.ee  with  respect  to  T2.  Fig.  7.7  shows  the  results  obtained 
for  a single  W'SR  fed  with  air  and  completely  vapourised  kerosine,  4>ygj^  “ 0.7; 
the  results  are  given  for  three  levels  of  recirculation. 

7.5(b)  General  WSR  observations. 

It  was  found  that  WSR  solution  oscillation  occurred  for  the  full  scheme  given 
in  Fig. 4. 2,  this  was  overcome  by  evaluating  the  intermediate  concentrations 
lor  the  tirst  10  temperature  iterations  only.  Values  for  l^  and  at  this  point 
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are  very  close  Lo  the  final  values.  IhLs  type  oi  osci  Hat  lo,.  was  al.so  encountered 
in  the  variable  during  the  solution  of  recycle  loops  under  certain  conditions, 
however  if  the  WSR  feed  temperature  was  fixed  after  15  loops  of  calculation  then 
oscillations  in  T2  were  reduced  to  8'*-20  K,  i.e.  negligible. 

Introducing  recirculation  of  combustion  products  to  a single  liquid  fuelled 
WSR  lowers  the  reactor  temperature,  for  a WSR  fed  with  vapourised  fuel  the  opposite 
effect  is  apparent.  This  phenomenon  is  due  to  the  reduced  reactor  and  hence  FE 
which  results.  Figs.  4.9,  7.3"'5. 

Another  important  WSR  observation  was  the  failure  of  the  solution  scheme  to 
converge  under  fuel  rich  conditions,  the  t'.ethod  worked  very  efficiently  under  fuel 
lean  and  stoichiometric  condit'  ns,  however.  The  fuel  rich  convergence  problem 
is  discussed  in  the  next  chapter. 

7.5(c)  BFB  Model  results  - sensitivity  to  WSR,  t.,,, 

— 

In  7.2  it  wa.-:  explained  that  the  value  of  t_  foi  the  2nd  reactor  in  the  BFB 

bl> 

network  given  in  Fig. 7.2  had  to  be  estimated,  hence  the  influence  of  this  variable 
on  NO  and  CO  emissions  fur  the  BFB  model  was  investigated,  results  are  presented  in 
Table  Vll.  In  all  the  model  predictions  the  indicated  rather  than  the  calibration 
corrected  values  of  Qj  are  used  so  that  direct  comparison  between  model  and  measured 
pollutant  emissions  car.  be  made.  In  the  experimental  gas  sampling  system.  Fig. 5. 26, 
any  water  in  the  sample  will  condense  out  in  the  probe,  sampling  line  and  water 
trap,  it  is  assurred  that  90%  of  the  water  vapour  condensed  out  in  the  system  so  that 
the  model  predictions,  i.e.  exit  flow  composition  was  corrected  accordingly. 


> « 


TABLE  VII.  FULL  Ml'DEL:  Effect  of  WSR^  on  pollutant  emissionh. 

Network  as  shown  in  Fig. 7.2. 

BFB  conditions:  = 120  psig.  Indicated  Qj  = 500  lit/min,  = 8"  Hg, 

= 353  K,  = 268  K,  recirculated  flow  temperature 


1025  K. 


= 0.704 


Model  predictions: 


MEASURED  EXIT  FLOW  COMPOSITION  (Figs.  5.31  -»■  38): 
T = 1590  K NO  = 5.3  ppm  CO  = 0.1% 


CO^  = 4.5% 


The  Table  shows  the  etfect  then  of  unmixedr.ess  in  WSR^  on  BFB  emissions  of  NO,  CO 
and  mixed  O2,  Kero  reactants. 

7.5(d)  BFB  Model  results  as  a function  of  Q;  and  T.,,„. 

. — ~ j ^ A I K*~“ 

Table  VIII  presents  model  predictions  for  a range  of  air  flow  rates  and  estimated 
feed  air  How  entry  temperature  Corresponding  measured  emissions  of  NO,  CO 

and  CO^  plus  exit  flow  temperature  are  again  included.  Compared  with  the  predicted 
values  of  CO.,  the  measured  values  for  this  species  are  rather  low,  this  observation 
is  discussed  in  8.1(b),  CO^  is  therefore  excluded  from  the  remaining  predictions. 

7.5(e)  BFB  Model  results  as  a function  of  P^. 

Table  IX  presents  model  predictions  tor  a range  of  P^  and  constant  air 
flowrate . 
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BLE  VIII.  FULL  MODEL:  Effect  of  A)  air  flowrate,  and  B)  air  feed  temperature,  on  pollutant  emissions. 


Network  as  shown  in 


Model  predictions  and  corresponding  measured  values  (Figs.  5.31  -*■  38) 


EXIT  FLOW 


(90%H  0 removed) 


0.69  1723.61 


BFB  simplified  model  results 


As  an  experiment  some  predictions  were  made  for  the  BFB  network  with  no  WSR  i.e 


a single  WSR.  reactor  of  volume  equivalent  to  the  2 other  reactors,  the  results  appear 


in  Table  X 


PARTIAL  MODEL:  Siqgle  WSR, , effect  of  air  flowrate  on  pollutant 


TABLE  X 


emissions 


Network  as  shown  in 


EXIT  FLOW 


MEASLTIED  EXIT  FLOW 


(90%  H.O  removed) 


BFB  CONDITIONS 


COMPOSITION 


1675 


MEASURED  EXIT  FLOW 

COMPOSITION 

T 

NO 

CO 

(K) 

(ppm) 

(70 

1570 

5.2 

- 

- 

- 

0.15 

1675 

14,4 

0.4 

- 

- 

0.7 

1830 

35 

1.2 

» 

tabu:  IX. 

m 

FULL  MODEL ; 

Effect  of  P on  pollutant  emissions 

CHyU’I'KR  8. 


inSCUSSTON 


I 

1 


8.1(a)  Experinit.ntal  measurements  - Model  input  data. 

Determination  of  the  BFB  recirculation  characteristic  R.  (Q-,S)  using  the 

int  ' * 

baffle  technique  for  isothermal  conditions  was  described  in  5.4,  in  order  to  use  the 
simple  recirculation  theory  given  in  4.5  it  was  necessary  to  estimate  the  efficiency 
factor  n,  for  combustive  conditions.  This  has  been  covered  in  7.2(a).  On  the 
basis  of  the  measurements  given  in  5.5,  plus  the  discussion  contained  in  3.2  and  7.2, 
the  BFB  flow  pattern  was  determined  sufficiently  accurately  to  enable  deduction  of 
the  model  stirred  reactor  network  sbc-wn  in  Fig. 7.2.  The  fuel  spray  ISD  correlations 
given  in  4.3  were  adjusted  so  that  they  precicted  the  experimentally  measured  values, 
5.7,  this  has  been  explained  in  7.3.  Fig. 5. 18  shows  the  difference  in  x and  n 
between  the  uncorrectod  correlations  and  the  measurements;  the  large  difference  in 
X is  due  to  the  fact  that  the  flow  number  for  the  atomiser  was  only  0.05  gal/hr (psi)^ 
whilst  Bowen  & Joyce's  correlations  were  derived  for  the  range  0.5  ^ F S 4.0  gal/ 
hr  (psi)  ^ . 


8.1(b)  Experimental  measurements  - BFB  characteristics. 

General  burner  operating  characteristics  were  described  in  5.2  and  the 
FRONTISPIECE  shows  the  flame  colour  for  three  fuel/air  ratios,  also.  Figs.  5.36  -*■  38 
depict  the  practical  blue  flame  operating  limits.  In  order  to  achieve  such  wide 
limits  however,  feed  air  pressure  drops  are  high.  Fig. 5. 39;  it  may  be  possible  to 
reduce  these  through  the  use  of  larger  Coanda  slit  widths  if  overall  performance  is 
not  impaired. 

The  technique  and  program  given  in  Appendix  B for  assessing  the  quench 
efficiency  if  a water  cooled  sampling  probe  was  found  to  be  particularly  useful  and 


is  recommended  as  an  aid  to  the  design  of  such  probes.  Using  the  techniques  given 
in  5.8  the  BFB  CO  and  NO  pollutant  emissions  were  measured  over  a range  of  operating 
conditions,  Figs.  5.32  •*  38.  NO  and  temperature  levels  were  observed  to  decrease 
when  a blockair.e  di.scovered  in  ti^v  recirculation  path  was  removed,  it  is  extremely 
interesting  to  note  that  a similar  decrease  in  both  -’ariables  with  increased  was 
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Emissions  of  NO  from  the 


detected  whilst  usin^  tiu'  • theiuat;  al  mv  del,  7.5(b). 

BFB  are  thus  very  low,  (maximum  of  40  pi>m)  especially  under  substantially  fuel 
rich  or  fuel  lean  conditions  although  CO  emissions  are  quite  high,  Fig. 5. 32, 
and  peak  at  around  7%.  There  is  good  reason  then  to  suppose  that  the  2 stage 
combustor  configuration  described  in  3.3  would  be  effective  in  suppressing  NO 
and  CO  emissions.  This  is  because  NO  formed  in  theBFB  can  be  maintained  at 
very  low  levels  under  fuel  rich  conditions  (e.g.  8 ppm),  it  should  also  be 
possible  to  design  the  2nd  stage  so  that  ail  the  BFB-generated  CO  is  oxidised  to 
CO.,,  excessive  temperature  rise  in  this  stage  should  naturally  be  avoided.  The 
secondary  maxima  in  the  NO  curves  occur  when  the  blue  flame  fuel  rich  limits  have 
been  exceeded  and  the  droplet  diffusion  mode  of  combustion  prevails,  2.2(b). 

As  mentioned  in  7.5(d)  the  measured  ”0.,  levels,  (Fig. 5 .31),  are  intuitively 
very  low  so  that  their  accuracy  is  extremely  doubtful.  The  model  predictions 
for  CO^  given  in  Tables  Vll  and  VIII  emphasise  this  point,  the  predictions  for 
this  species  seem  very  reasonable.  The  reason  for  the  erroneous  CO,  measure- 
ments  would  appear  to  be  an  invalid  calibration  chart,  the  validity  of  the  IRGA 
chart  at  CO^  concentrations  ^ 7%  was  regrettably  not  ciiecked  since  no  such 
standard  gases  were  available.  The  calibration  chart  for  the  CO  IRGA  however 
was  completely  verified  and  complete  confidence  is  placed  in  the  data  given  in 
Fig. 5. 32.  Accurate  CO^  measurements  are  fortunately  not  of  prime  importance 
to  this  project. 

8.2  The  autocorrelation  results. 

As  outlined  in  2.5(a),  the  derivation  of  the  most  suitable  reactor  network 
for  a particular  combustor  is  one  of  the  characteristic  problems  encountered  in 
stirred  reactor  modelling.  Apart  from  the  mean  flow  pattern,  knowledge  of  two 
other  pr  . parties  of  the  flow  would  be  useful  in  the  evaluation  of  combustor 
mixing  patterns,  these  are  the  turbulence  structure  and  the  spatial  turbulence 
dissipation  rates.  Clearly  a continuum  model  (2.5(b))  would  appear  capable  of 
the  prediction  of  these,  the  alternative  approach  is  to  try  and  deduce  this 
information  experiment.slly.  The  -n-line  technique  for  measuring  auto  correlation 
functions  described  in  Chapter  :■  then  is  a step  in  the  direction  of  the  implementation 
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of  the  latLer  approa’t.  s:  ■ Lae  eJdy  length  scale  information  provides  a 

useful  insight  into  the  t 'rbulence  strui.-ture.  Fig. 6. 6 shows  the  axial  profile 

of  the  corrected  X . and  ■ , it  is  worthwhile  noting  that  the  effect  of  the 

mi  i 

correction  was  surprisingly  small  and  typically  < IZ.  The  action  of  removing 
high  frequencies  from  the  turbulence  would  be  expected  to  substantially  affect 
but  this  did  not  prove  to  be  the  case.  This  may  be  partially  due  to  the 
fact  that  the  expression  for  X(f)  takes  account  of  frequencies  present  in  the 
measured  signal  but  is  independent  of  the  actual  bandwidth  of  frequencies  present 
in  the  turbulence.  The  measured  A . would  be  expected  to  be  relatively  constant 
since  the  finite  length  ot  the  hot  wire  limits  the  size  of  the  smallest 
discernable  eddies;  it  shou'd  also  be  said  that  the  microscale  is  expected  to 
be  larger  than  the  size  of  the  smallest  ssipating  eddies,  Bradshaw  (124). 

It  would  thus  appear  desirable  to  replace  the  Hot  Wire  Anemometer  with  a 

Laser  Doppler  type  to  eliminate  this  difficulty,  exactly  the  same  technique  could 

be  applied  to  this  transducer. 

Now  A^^^  is  normally  considered  to  be  representative  of  the  energy  containing 

eddies  which  are  responsible  for  gaseous  phase  mixing,  the  measured  A^^  grows 

linearly  with  distance  downstream  from  the  Coanda.  This  type  of  dependence  is 

very  reasonable  and  has  been  found  for  other  types  of  flow  by  other  workers, 

Coates  (125).  On  a practical  note  it  has  been  demonstrated,  (38),  that  whereas 

2 

is  approximately  independent  of  temperature,  A is  roughly  a ( temperature)  . 
Use  of  the  Laser  Doppler  technique  however,  would  circumvent  the  need  for  such 
corrections . 

8 . 3 The  B F B mathematical  model. 

The  solution  oscillations  described  in  7.5(b)  are  a result  of  incorporating 
so  many  temperature  dependent  variables  (physical  properties)  into  the  model,  4.2, 
4.5;  not  all  of  these  are  actually  in  the  Newton  Raphson  scheme.  Fig. 4.2. 
ri.e  inclusion  of  a relaxation  scheme  in  Subroutine  TEST  for  recycle  loop 
calculations  would  appear  worthwhile,  since  undesirable  step  changes  in  the 
recycle  flow  coropcsition  and  tenp'_  rature  cc'uld  then  be  damped. 


Turning  to  the  WSR  • rich  cotivorjicnce  problem,  the  PSR  Newton  Raphson 
scheme  which  iorms  a lari;e  part  oi  the  medel  (equations  (4 . 29->-40))  is  due  to 
Osgerby  (115),  who  claims  it  to  be  efficient  over  a wide  range  of  pressures, 
stay  times  and  stoichiometry.  However,  testing  Osgerby's  PSR  program  (115) 
revealed  that  convergence  could  not  be  attained  under  fuel  rich  conditions 
except  at  a single  point  when  the  scheme  for  adjusting  the  correction  terms  had 
been  modified.  Without  this  alteration,  and  at  all  other  points  tested,  over- 
or  (more  usually)  under-correction  resulted.  Clearly  the  correction  procedure 
requires  optimisation  and  this  is  a numerical  mathematics  problem.  This 


unfortunately  precludes  the  use  of  the  BKB  model  for  fuel  rich  (tb  > 1)  conditions 
^ ^ ^ov 

only  at  present. 

8.4  Model  predictions  discussion. 

Predicted  spray  evaporation  characteristics  for  the  BFB  are  given  in  Figs. 

7.3->-7.5,  the  stepped  effect  is  due  to  the  disappearance  of  complete  intervals  at 

appropriate  elapsed  times.  The  first  set  of  curves  show  that  PU(t)  is  strongly 

dependent  on  T via  the  physical  properties,  the  next  set  shows  PU(t)  is  only 

weakly  dependent  on  Q.  and  hence  V_  . As  expected  PU(t)  is  strongly  dependent 

j 4^6  X 

on  Pj,  Fig. 7.5,  this  naturally  reflects  the  influence  of  drop  sizes  and  the  ISO. 

In  all  cases  at  least  80%  evaporation  is  obtained  after  3 mSec. 

Fig. 7. 7 conveniently  isolates  the  effect  of  mixing  on  the  temperature  of  a 
homogeneously-fed  W.SR  for  three  recirculation  levels,  in  each  case  blowout  occurs 
at  4 $ Tgp  i 5.  Note  also  the  dependence  of  a)  reactants  burnout  and  b)  pollutants 
emissions  on  WSR.,  unmixedness  which  is  reflected  in  Table  VII,  = 7 being 

normally  selected. 

The  influence  of  each  of  the  model  primary  variables  on  predictions  may  be 
discerned  from  tables  VII  X;  the  term  tation  of  optimising  the  values  of  these 
(and  otlier)  parameters  to  force  agreement  between  predictions  and  specific 
measured  values  has  been  resisted.  It  is  very  encouraging  that  both  the  correct 
trends  in,  and  orders  of  magnitude  of,  BFB  exit  flow  pollutant  concentrations  and 
temperature  are  predicted,  c.g.  Table  VIII.  Using  the  relatively  simple  reaction 
mechanism  tor  kerosine  coiiibustiin  shown  in  Table  VI  the  predicted  NO  and  CO 


? ^ .Jk  **v  , 
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emissions  are  quite  close  Co,  although  usually  a little  lower  than,  the  measured 
values  for  fuel  lean  and  stoichiometric  conditions. 


j 

1 

Section  A)  of  Table  VIII  presents  predictions  as  a function  of  air  flowrate  j 

for  constant  fuel  feedrate  and  estimated  air  inlet  temperature,  agreement  with  I 

the 'measurements  is  very  reasonable.  Section  B)  of  this  table  reveals  that 
prsdictions  are  moderately  sensitive  to  for  (b  = 0.704  then  a lOOK 

increase  in  its  value  results  in  roughly  a 36K  increase  in  exit  temperature,  note 
als*o  the  effect  on  NO  and  CO.  Clearly  is  not  a constant  for  BFB  operation 

over  a range  of  conditions  but  is  strongly  related  to  prevalent  flame  temperature. 

Table  IX  shows  the  predictions  for  constant  and  a range  of  P^,  the  estimated 
T\,_  is  allowed  to  increase  with  <j>  in  this  set  of  predictions. 

It  can  be  seen  from  Tables  VIII,  IX  that  at  operating  points  corresponding 

to  <1  < = 0.87  the  predicted  CO  exceeds  the  measured  value,  the  reverse  is  true 

ov 

for  > = 0.87.  However,  the  magnitude  of  the  difference  is  always  less 

than  0.3%  (actual  concentration,  not  percent  error). 

In  most  cases  the  measured  exit  temperature  is  less  than  the  model  value, 
this  suggests  two  things.  Firstly  the  latter  temperatures  may  be  slightly  high 
since  both  reactors  are  assumed  to  operate  adiabatically,  if  heat  loss  data 
were  available  then  non  zero  values  of  H^^  could  be  utilised.  Combustor  heat 
loss  has  been  partially  allowed  for  in  that  measured  temperatures  of  the  cooled 
recycle  flow  have  been  deliberately  employed.  Secondly,  the  exit  temperature 
measurement  technique  used,  5.8(e),  is  undeniably  approximate;  even  though  thermo- 
couple radiation  heat  losses  have  been  corrected  using  Appendix  C it  should  be 
remembered  that  forced  convection  and/or  turbulent  heating  effects,  plus 
conduction  losses,  have  been  ignored.  Hence  the  measured  temperatures  are 
expected  to  be  on  Che  low  side. 

In  spite  of  the  above  the  predicted  NO  is  invariably  less  than  the  measured 
values,  this  may  indicate  that  some  significant  NO  formation  steps  are  missing 
from  the  reaction  mechanism,  e.g.  of  the  type  (2.53-<-55).  CO  predictions  are  J 

reasonable  in  spite  of  the  fact  that  a single  destruction  reaction  only  is  used.  1 
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For  an  example  of  other  species  predictions  refer  to  the  GRASP  program  sa::;pJe 
output  given  in  F(e)  which  usefully  gives  the  composition  of  all  network  streams. 


CHAPTER  9. 


CONCLUSIONS  AND  SUGGESTIONS  FOR  FUTURE  WORK 


9. 1 Conclusions. 

1)  Pollution  suppression  techniques  applicable  to  heterogeneous  combustors 
have  been  discussed,  it  was  concluded  that  the  approach  of  combustor  redesign 
constitutes  the  most  satisfactory  solution.  The  present  need  for  a general 
mathematical  model  capable  of  predicting  realistic  pollution  emissions  was 
identified  and  the  potential  of  stirred  reactor  modelling  demonstrated. 

2)  The  emission  performance  of  a laboratory  scale  Blue  Flame  Burner  (BFB) 
which  was  fuelled  with  kerosine  was  experimentally  determined,  blue  flame  (soot 
free)  combustion  was  obtained  for  overall  equivalence  ratios  of  4)^^  of  at  least 
0.5  -►  2.0.  This  performance  was  obtained  at  the  expense  of  high  inlet  air 
pressures  which  were  typically  2 ■*  4"  Hg  for  fuel  rich  conditions  but  it  may  be 
possible  to  reduce  these  by  increasing  the  Coanda  ejector  slit  width.  A low 
throughput  pressure  jet  atomiser  (0.05  gal/hr(psig)^)  was  used  to  ensure  the 
production  of  fine  sprays,  for  which  the  Rosin  Rammler  "mean"  drop  size  was 
measured  as  40-*-70  y using  a laser  diffraction  technique.  The  maximum  detected 

NO  for  the  BFB  exit  flow  was  40  ppm  although  concentrations  as  low  as  8 ppm,  under 
fuel  rich  conditions,  are  practicable.  CO  emissions  peaked  at  around  7%  although 
incorporation  of  the  BFB  into  the  2 stage  configuration  would  eliminate  this  and 
probably  all  major  pollutant  species. 

3)  A completely  general  analysis  for  a heterogeneous  WSR  operating  at 

steady  state  has  been  derived  in  which  the  processes  of  evaporation,  turbulent 
mixing  and  finite  rate  chemical  kinetics  are  included.  The  analysis  was  used 
to  construct  a model  for  the  BFB  which  additionally  features:  i)  atomisation 

to  the  experimentally  measured  ISD,  ii)  17  step  quasiglobal  reaction  mechanism, 
iii)  a simple  internal  recirculation  sub-model,  iv)  measured  temperatures  of  the 
cooled  recycle  flow  and  v)  a stirred  reactor  network  employing  2 adiabatic  WSR's. 
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A)  The  modular  computer  program  GRASP  was  developed  to  enable  the  solution 
of  a wide  variety  of  heterogeneous  stirred  reactor  netwCiks  and  was  used  for  the 
BFB  model  calculations. 

5)  Compared  to  the  measured  values  the  correct  trends  in,  and  orders  of 
magnitude  of,  BFB  exit  flow  NO,  CO  and  temperature  T are  predicted  using  the 
mathematical  model.  Convergence  of  the  model  solution  scheme  could  be  obtained 
for  fuel  lean  and  stoichiometric  conditions  only,  9.2. 

The  amount  by  which  the  predicted  T exceeded  the  measured  T increased  from 
typically-1%  at  (|>  = 0.52,  to+12%  at  <p  = 0.99.  However,  measured  T is 

expected  to  be  on  the  low  side  since  a simple  bare  thermocouple  plus  approximate 
radiation  heat  loss  correction  were  employed;  predicted  T is  likely  to  be  a 
little  high  in  view  of  the  adiabatic  WSR  assumption.  The  difference  between 
measured  and  predicted  NO  was  as  much  as  42%,  the  magnitude  of  the  corresponding 
difference  for  CO  emissions  was  always  <3%  (actual  concentration,  not  % error). 

6)  Experience  gained  through  the  use  of  GRASP  confirmed  its  suitability  to 
i)  general  model*  parametric  evaluations  and  ii)  use  by  a relatively  inexperienced 
design  engineer. 

7)  Modification  to  the  reaction  mechanism,  e.g.  addition  of  SO^  formation 
reactions,  are  particularly  easy  to  implement  using  GRASP. 

8)  A convenient  on-line  digital  computer  technique  for  measuring 
turbulence  autocorrelation  functions  and  length  scales  has  been  presented,  a means 
of  correcting  such  measurements  for  time  resolution  error  has  also  been  developed. 

The  effect  of  the  correction  depends  on  the  assumed  system  frequency  response 
function. 

9. 2 Suggestions  for  future  work. 

1)  In  order  to  extend  the  applicability  of  the  model  to  fuel  rich 
conditions  the  correction  procedure  of  the  basic  PSR  Newton  Raphson  solution 
scheme,  which  is  due  to  Osgerby  (115),  requires  numerical  optimisation  in  order 
to  avoid  the  hitherto  experienced  over-  or  under-correction  which  is  often  a 
characteristic  of  Newton  Raphson  techniques. 
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2)  The  testing  of  GRASP  for  other  stirred  reactor  networks,  especially 
those  featuring  PP'K's  and  different  reaction  mechanisms,  is  naturally  required. 
Comparison  between  predicted  and  measured  pollutant  emissions  should  be  retained 
as  a prime  objective. 

3)  Experimental  measurements  to  ascertain  actual  BFB  heat  loss  rates 
could  be  usefully  carried  out,  this  would  enable  similar  heat  loss  terms  to  be 
incorporated  into  the  WSR  analysis,  hence  more  accurate  temperature  predictions 
could  be  made. 

4)  The  evaluation  of  BFB  emission  performance  for  fuels  other  than 
kerosine,  and  which  contain  significant  amounts  of  sulphur  should  clearly  be  made 
in  order  to  examine  SO^  suppression. 

5)  A logical  extension  of  this  project  is  the  experimental  testing  and 
modelling  of  the  2 stage  combustor  design.  It  would  then  be  possible  to  deter- 
mine more  precisely  the  extent  to  which  the  suppression  of  all  major  pollutant 
species  is  possible  with  this  type  of  configuration. 

6)  Finally  it  is  recommended  that  further  computer  on-line  techniques 
(involving  possibly  Laser  Doppler  anemometry  or  Photon  Correlation)  be  developed 
for  the  elucidation  of  turbulent  combusting  flow  structures,  and  the  measurement 
of  spatial  turbulence  dissipation  rates,  to  aid  the  construction  of  starred 
reactor  networks. 
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APPENDIX  A. 


Estimation  of  Xerositie  Thermodynamic  Data, 


The  WSR  submodel  requires  thermodynamic  data  for  all  gaseous  phase  species  as 
an  input.  Chapter  4 describes  how  a 7th  order  polynomial  for  each  species  is  used 
to  describe  the  thermodynamic  functions  of  heat  capacity,  enthalpy  and  free  energy. 
Two  sets  of  the  polynomial  coefficients  per  species  are  necessary  since  the 

two  temperature  ranges: 

300  ^ T < 1000  K 
1000  ^ T 5 5000  K 


are  employed,  i.e.  14  coefficients /species . As  explained  in  Chapter  7 no  such 
coefficients  were  available  for  gaseous  kerosine,  this  species  appearing  in  the 
quasiglobal  chemical  reaction.  This  appendix  describes  the  methods  that  were  used 
to  estimate  the  set  of  polynomial  coefficients  for  gaseous  kerosine. 

Due  to  the  marked  lack  of  such  thermodynamic  data  for  kerosine  i.e.  the 

hydrocarbon  = necessary  to  approximate  the  species  properties  by 

considering  them  to  be  equal  to  the  arithmetic  mean  of  those  corresponding  to 

This  "eems  reasonable  when  one  considers 

that  i)  the  thermal  properties  for  such  high  hydrocarbons  are  very  comparable 

ii)  kerosine  tends  to  behave  very  much  as  a pure  hydrocarbon.  Since  reaction 

(2.27)  is  considered  irreversible  free  energy  data  for  the  reaction  is  not  needed, 

hence  values  for  a,  , only  are  required  for  kerosine; 
i“0 

(Al) 


Undacane  C,,H. , and  Dodecane 

11  24  12  26 


C °/R 
P 


a,  + a„  T + a.  T^  + a,  T^  + a.  T^  (C  °Cal/mole  K) 
} i 4 5 p 


P 

a. 


H_°/RT  = a,  + -^T+-:^T^+^T^+-^t'^+^  (H  ° cal/mole)  (A2) 

T 12  3 4 5 TT 


These  6 coefficients  could  be  determined  in  each  temperature  range  if  values  of 
at  6 different  temperatures  in  each  range  were  known,  the  solution  of  6 
simultaneous  equations  then  being  required.  The  exact  methods  used  to  calculate 
in  each  temperature  range  are  now  given. 
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A(a)  300  < T < 1000  K Range. 

Values  of(H^^/RT)  were  first  computed  at  T = 300,  500,  600,  700,  900  and 

1000  K for  Undecane  and  Dodecane  from  the  Enthalpy  Function  (H„°  - H °)  for  these 

To 

2 species  at  these  6 temperatures  from  (108);  for  either  paraffin  was 


calculated  from: 

(AH  “)  = (H  °)^  „ - n(H  U-.  ^ - T ^ 

f o o CnHm  o C(graphite)  2 o H2(g) 


(A3) 


where,  AH^  = Heat  of  formation  of  the  hydrocarbon  (ideal  gas  state)  from 

carbon  (solid  state)  and  hydrogen  (ideal  gas  state)  at 
298.16°  K,  cal/mole. 

(AH^-°).j,  = as  above  but  at  absolute  temperature  T(K) 

Hence  substituting  these  6 values  of  H^°  and  T into  (A2)  gives  6 linear  simultaneous 
equations  in  the  6 unknowns  ^ FORTRAl'!  IV  computer  program  was  written  to  solve 

these  equations,  the  program  is  discussed  in  A(c)  and  presented  in  A(d). 

A(b)  loop  $ T $ 2000  K Range. 

Insufficient  high  temperature  data  for  hydrocarbons  placed  an  upper  temperature 
limit  of  2000  K on  the.  range  of  the  second  polynomial.  Values  of  H^°  were  obtained 
at  T = 1000,  1200,  1400,  1600,  1800,  2000  K;  for  the  first  3 temperatures  data  for 
H^°  was  again  calculated  using  the  above  procedure.  For  the  latter  3 temperatures 
the  following  equation  was  employed.* 


= («T°>CnHm  " 


T "C(graphite)  2 ^ T '^H2(g) 


(A4) 


Values  of  (AH^  ).^were  computed  using  the  technique  developed  by  Souders  et  al  (109) 
which  is  based  on  the  premise  that  thermodynamic  functions  within  a molecule  are 
additive,  so  that  the  values  for  the  whole  molecule  can  be  built  up  from  an 
assignment  of  definite  contributions  to  the  various  molecular  constituent  groups. 
The  technique  (maximum  error  < 3%)  plus  necessary  data  is  fully  described  in  this 
reference,  values  of  H^°  for  carbon  and  hydrogen  were  taken  from  (110).  The 
coefficients  a.  , for  this  temperature  range  were  calculated  in  exactly  the  same 
manner  as  A(a). 
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A(c)  Thermodata  Program  Description. 

Program  MASTER  BB3DATA  was  developed  on  the  Sheffield  University  ICL  1907 

computer  for  the  evaluation  of  the  coefficients  a,  , for  kerosine  in  each  of  the 

i“D 

two  temperature  ranges  using  the  above  techniques.  The  program  can  also  be  used  for 
the  fitting  of  polynomials  to  other  species  for  the  derivation  of  corresponding 
coefficients. 

After  reading  in  all  the  necessary  thermo  data  the  L.H.S's  B of  equation  (A2) 
are  first  calculated,  a (6x6)  matrix  A of  the  corresponding  temperature  coefficients 
is  then  computed: 

A.X  = B (A5) 

where,  X = a,  , 
l~o 

A standard  subroutine  F4ACSL  was  called  to  solve  the  simultaneous  equations  for  X, 
the  routine  uses  a Grout  method;  before  this  routine  could  be  used  a matrix  trans- 
formation operation  had  to  be  performed,  see  A(d).  This  was  necessary  due  to  the 
non  linearity  of  the  columns  in  the  matrix  A.  Having  evaluated  X,  i.e. 
and  were  computed  throughout  each  temperature  range,  the  results  of  which 
appear  in  the  program  output  which  follows  the  program  listing  below  in  A(d). 

A(d)  Thermo  Data  Program  Listing  and  Output. 

Program  MASTER  BB3DATA  is  now  presented  together  with  sample  output  for  the 
first  temperature  range  only,  FORTRAN  IV  was  employed. 
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KbA|)(/',1)(k1(KK),M(  = 1,5>.(Ki;(KA),((K  = 1,5) 

(K|>),KA  = 1,3;f(rih(f.K,),KK  = 1,3) 

0 U K.  ► = 1 , < 

(1  u(kk  + 3 ) = (<'.  0 *vl(K>.))  + (^.  o u*Ki(  rr))  + (H.  (,  *ki?(n(()) 

1  ♦ T Li-6  A . 'i 

MU(M<  + 3)  = (1lMM).U*HU(KK^5))-M11.(i*HC(KK))'*’(1c?.ll*rtH((CA;) 
Mi(i'«+3)  = (<;.l)*Vl(KK))  + (lU.U*Vi?(KK))  + (^.U*Kl(<ir))<-(y.0*Ki^(KK)) 
1 + T D-f)V  . 

h(KK+'^)  = (Hll(Kli+3)-fH!)(KK*i))/(<'.0*k*T(KA'*'5)) 

C U f»  T I M U t 

1 M=  > 

51  DU  5 3 I =1  , 1 I' 

H(  I >=hU(  1 )4.Ht>(  1 )-^61  ^M.i5-H<;uV3.(S 

b(i;=>(i)/(r(i;*i?.it*K) 

5 3 i;  ,)\1  I r. lit 

L SM  IID  IfMD.  CuhFhS.  '-lAIkU 

in)  10  j = 1 , t) 

A ( J ) =1  . u 

DO  t’M  K = / , b 

A((»-i)*r,  ♦j)  = <r(j)**(K-i))/n 

/ 0 i;  0 It  T t *t  ij  h 

A ( 5 0 ♦ J ) = 1 . 0 / T ( J ) 

Id  C on  t I ,0 1 

C •■'1  4 r K I n T K A N S F (I  K r l A r 1 U N 

DO  lb  J =1  , ft 
t(J)=fl(',  ♦!>)•(  J-1)) 

1b  (.  Cl  N T 1 M U I 
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u 0 5 0 K,  = 1 , ^ 

A(j  + ft.(i>-i))  = A(j-fft*(K-m/rt(ft^-ft*(K-io) 

3 0 ( ON  I 1 NUe 

II  0 AO  |i  = 1 , ft 
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AO  C viN  1 I III  t 
"W  1 1 F I 3,  t') 

D.j  Ab  J = 1 ,ft 
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A b t .1  N r I "t  LI  I 
C SOLvF  MATklX 

ft  = ft 

N A = 5 6 
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I N = 1 
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1 F L L-  1 ) ftO  , t'O  , ftO 
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A(e)  Discussion. 

The  actual  computed  values  of  the  required  coefficients  appear  in  the 
program  output,  A(e),  whilst  Fig.A.l  presents  graphical  comparisons  between  the 
available  thermo  data  and  the  fitted  polynomials.  The  fits  obtained  for  each 
temperature  range  are  excellent  although,  for  the  second  temperature  range^the 
function  Cp°/R  diverges  rapidly  as  would  be  expected  after  T > 2100  K,ie  outside 
the  range  of  fit. 


However,  actual  model  temperatures  encountered  were  <2000  K. 
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APPENDIX  B 


Gas  Sampling  Probe  - Quenching  Calculations. 


This  Appendix  presents  details  of  the  calculations  that  were  made  to  determine 
the  efficiency  of  the  gas  sampling  probe  in  quenching  chemical  reactions  occurring 
in  the  sample.  The  method  uses  a simple  heat  transfer  analysis  plus  chemical 
reaction  rate  data  to  determine  the  practical  reductions  in  chemical  reaction 
possible  in  a water  cooled  probe  which  imparts  no  expansion  to  the  sample. 

The  decrease  in  temperature  of  the  sample  after  it  enters  the  probe  is  assumed 
to  be  exponential: 


T - T = (T  - T ) exp  (-x/L) 

W P W K V / / 


where. 


sample  temperature  at  any  distance  x from  the  probe 
entrance . 

initial  sample  temperature,  i.e.  at  probe  entrance, 
probe  mean  wall  temperature. 

order  of  magnitude  of  flow  distance  required  for  the 

equalisation  of  T with  T . 

w 


Now  L is  given  approximately  by  (105): 


where,  Nu 


C m^ 

P 1/ 

X Nu  IT 
P 

A for  a cylindrical  pipe. 


sample  mean  specific  heat,  cal/gm  K. 
sample  mean  thermal  conductivity,  cal/cms  K 

3 

sample  mean  density,  gm/cm  . 


Hence,  the  time  to  flow  over  this  distance  is: 

r 

X = L/v  = -r 

f A Nu  p A 


Now  chemical  production/destruction  reaction  rates  are  extremely  sensitive  to 
temperature,  equation  (2.2A),  so  that  even  a moderate  drop  in  T produces  a con- 
siderable reduction  in  reaction  rate.  It  is  now  assumed  that  a decrease  in  reaction 


rate  by  a factor  of  100  is  sufficient  to  quench  a sample  so  that  composition  changes 


1A2  - 


within  tile  aampliug  t>yt.Li.iu  are  ne>;  ligi  bio . Estimates  of  the  probe  flow  distance 
and  corresponding  quench  time  to  obtain  this  order  of  magnitude  are  now  derived 
for  a general  chemical  reaction  in  which: 

u(T)  “ t'^  . exp  (-E/RT)  (B4) 

3 

where,  <^(T)  = general  chemical  reaction  rate,  mole/cm  sec. 

6 = temperature  exponent. 

E = activation  energy,  cal/mole. 

Hence:  u(T  ) “ T exp  (-E/RT  ) 

P P P 

X 

w(Tp-AT)  = (Tp-AT)  exp  (-E/R(Tp-AT) ) 
where,  AT  = actual  temperature  drop  experienced  by  the  sample. 

So  that  the  corresponding  reaction  rate  ratio  is: 

“(T  -AT)  6 / - F AT  \ 

u)(T  ) “ (1  - — ) exp  RT  (T  - AT)  ) 

P P P P / 

Rearranging: 

X 1 M ^T.  , f \ E . AT 

5 In  (1  ^ ) , In  f J-  (T  -AT)  ^ 

P ^ P P P 

For  6=0: 

1 ( - _L_  • at 

\ w(T  -AT)  j " RT  (T  -AT)  (B6) 

\ p / p p 

For  E = 0: 

(dTt  -AT)  (1  ^ ) (7) 

P P 

For  6 = E = 0: 

w(T  -AT)  = w(T  ) (B8) 

P P 

Hence  for  any  given  E,  R,  T and  6 it  is  possible  to  calculate  the  actual  AT 

u(T  )P 

required  to  achieve  = 100,  clearly  a minimum  reaction  activation  energy 

(iJ  ^ i “A  i ) 
p 

exists  for  which  this  is  possible  however.  Having  found  AT  then,  x/L  can  be 

obtained  from  (Bl)  and  the  reaction  quench  time  t estimated  (order  of  magnitude): 

2 

, C d p 

X = ii  . -?L  L , ii  . P P P CRQ'! 

q V L ‘ V L 4 X Nu  ^ 

P 

It  should  be  noted  however,  that  although  (B6,7,8)  are  solved  trivially, 
equation  (Bb)  has  to  be  solved  iteratively. 
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A FORTRAN  IV  computer  program  was  developed  on  the  Departmental  PDF  8/E 
digital  computer  for  the  purposes  of  testing  whether  or  not  the  gas  sampling 
probe  designed,  could  quench  any  general  chemical  reaction.  The  temperature 
estimates  used  were: 


T 

P 


max. 


2000  K ; 


T = 300  K,  see  5.8(f). 
w 


B(a)  Probe  Quenching  Program  and  Output. 

The  listing  of  this  program  , together  with  the  corresponding  output  is  given 
below.  The  output  presents  quenching  efficiency  details  for  each  of  the  17 
chemical  reactions  used  in  the  WSR  model. 


I 


C IAS  bA<.oLIVu  Ph'f.'i'KC  Hy.j- CUJI..MJ  S.b.)  pKOOhA": 

C ^SSESSX'KnIT  of  ''Oi'A'CHI  vUi  OF  JP  TO  30  hF.ACTl  JlS 

I TMF\ibI  J 1 I ( SO  ) , c.A  C SO  , UTC  3H  ) , <L(  .iO  ) y 1AU(  SO  ) 

Ij I X F 0 S I O '1  ft  M ( so  ) , F 1 ( 30  ) , r>'  ( 3v)  ) ^ ..IK  ( 30  ) 

0 'i'FX  = !-(FACTI  On]  iiAl'F  CUNjbi.A.jl  I'c-XPr.!!  ATUnc.  t-XftO.it.']! 

(]  KX  = ;■  r-ACT  I 0 n]  ''.A!  F CO!  Si  All'  A C T I 'v<A  T I J ! F']i\ftOY/r 

r R =GAS  CoXSTA.M'i  ( CAL/.XOLF.  K ) 

9 9 .vh  I ! F(  A,  1 ) 

1 FOH.XA'K//  •'  ,N]uyjBt:h  OF  IJFAC 1 I O-.n]  S i") 
hKAlK  A,  Rl'Jn 

ft  FOftXAT(lS) 

f h.A0(  A,  3)  ( TE.<(  I ft)  > KX(  I ft)  ^ I h=  1 * !ft) 

3 FOftXA  rc  r S.  a>  Ff<.  1 ) 

HP  = (1.  A19E-fll 
I."  I = 3 . 1 a 6 

f EXPOnjEO  I I AE  PiiJftE  !EXP.  Dlbi.Nj 

1 

iC=3'10.  1 
Mix  - n-!C 
•0  0=''- 
CP  = 0 . ft::) 

HK=  1 . 7E-'1  A 

m0=  C ftH--.  0 / ftft.  A)  + ( ,;73. 0/1  I ) * ( 1 . 0E-O  3 ) 

1 AUl  = 1 (■  U) . C Oft  K ft.U’K  ( ftP^t'tft.  0 ) ) / ( riK*.']iJ) 

.-iiil  TEC  A,  b)TAUl 

•d  tOiv/AlC  //  ’■  APFftOXIXAlE  bAFiFLE  CuOLIOO  lIFt-  = 'S  r 7. 

1 ”XI!.I-T  SEC". //) 

0 -.FACllOv  -ftA  i'F  r<A  i'l  0 =100  FOh  QUE.MCHEU  HE.ACriUvl  Ift 

.JK.J  = 0 

uO  bO  I;-,  = 1.'J1-' 

I t ( 1 EX  C T t'  ) ) AO  , 30  . AO 

S'l  -,XX'=  A.  6 1 bft  * ( 1 I - ftlX  > * 1 I /DIM 

I p ( E.X  ( I .1 ) - FXX  ) 3ft.  3A.  3 A 

3 A 1/1  ( I ft  ) = I I / ( 1 .0  + ( EX(  I ft)  / ( 1 1 + A.  60bft)  ) ) 

,IXf  T r^)  = I 

0 0 ro  A 7 

A'j  r.h  ( I ) = EXP  ( fix  ( I :'}*  Ij  f X / ( 1 1 * ( 1 I - UTM  ) ) ) 

.JK.J=  1 
• H(  I t<)  = '' 

t ) •/! 

q 1 I'l.-M  I c l T - m.-i ) / oft'j 

:<  - l I *>  (■  A.  b!'*-  ( I :•  X f 1 O Ai  M0(  1 . ) - ( I '!«/  1 I ) ) ) ) 
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Oil  iL  1 ( I h ) = h:x  ( I h ) t in  ( I h ) / ( J I + ( 1 1 - IJ'i  ( 1 H ) ) ) 

h:ac  ! ri)  = ''4.  60  0-  .+  ( 1 >:X(  I n)  * ( AL0G(  1 .0  - ( DT(  I H)  / I I ) ) ) ) 

I r E2  f I H)-E2C  lo)  )-0.  O 1 ) A7,  A'/,  A3 

A3  V l'(  I n)  = ))l  ( Il'O  + 1 . M'.'i 

!K(DT(  IR).'JT.DTi*!)  GO  10  90 
G 0 i'  0 60 

AB  } I H)  = EXP(  EX(  I in  /I'D)  / ( ( 1 .0  - ( DIM  / n ) ) **  TEX(  1 1*. ) ) 

.MJ=  1 
JG ( I h ) =8 
GO  TO  60 

A 7 X)  f I D)=AI.0G(  UTM/(  ri  - D i'C  I h)-  TO)  ) 

l A J(  r.O=TA(Jl*XI,(  Ih) 

.D<(  I H.)  = 1 
30  00.)  r I 'JOE 

a'kIT  EC  Aj  6) 

■;.<T  TEC  A,  7 ) 

00  70  IR=UMH 

IKC  JKC  IH)  ..ME.  1 )G0  lu  70 

.•/HI  i'EC  A,  78)  IH,  DTC  IH),:<I.C  IH),  TA  jC  Ih) 

7 0 CONjriMUE 

T FC  OK,).  EO.  0 ) GO  TO  90 
•vHl  TEC  A,  H ) 

•■/HI  TEC  A,  9 ) 
i)0  «0  IH=1,MH 

1 FC  JXC  I iO  . ^OE.  8)  GO  TO  K0 
MH1TECA,R8)  Ij(,hRC  IF.) 

80  COiMTI^JUE 

90  r.O.MTIOOE 

6 FORXiATC"  ***C0MPLE1  ELY  OuEMCHEU  H EAC  i I OM  3*  * * 

1 ",/) 

7 'rORMATC  " HEACTIOM  MilOBEH  DELIA  T X/L 

1 OUE.MCH  TIMEC'^IILLI  bEO") 

78  FOH0ATC  1 H,  6X,  I 8,  10X,  r 6.  1 , AX,  i-  3.  3,  I 7X,  t-  6.  A) 

8 FOH0ATC//"  ***PAi' 1 I ALLY  QUEMCAED  HEACiluM^*** 

1 ",/) 

9 FORMA  i ( '•  HEACTIO.M  MUXjPEh  DEGhEE  OF  OUEMCHI.Mm  A") 

88  FORMAi'Cl'  6X,  T a,  86X,  f 6. '8) 

)0  TO  99 
!-:'M  I.) 


IFCEXC  I!<)-KXF  > AS,  AA,AA 
DTC  T ri)  = 80 .0 


'BE 

OF'  H F) 

7 

1 .00 

1 8A0'O  . 0 

0 . 0 0 

3 A A . 0 

•'  .00 

8 A 3 '.  i . ’ 

1 . (40 

AA80 . 0 

M 

-87  80.0 

V . 0 0 

1 . 0 

o . 00 

' : . 0 

0 . 88 

0.0 

1 . 00 

31  30.0 

. ’lO 

3800li . n 

0 . 00 

0 . t) 

(-1  . '0  0 

1601. 0 

0 . M 

1 1 30 . 0 

' 0 

I'M')'’.  1 

I . 'i  1 

,AC-  1.0 

M 1 

8 r>  1 . 8 

' . 1 ) 

39  0 

1A5 


rtPi^^OXI  'ArK  SA'iP'.K  COOLIJG  TT.^L 


0.  1 10VJILLI  SGC 


♦ v + CU^PLKTKLY  OUKV'CHKU  I 0\1.S+ ** 


u\i 

1.--L1A  i 

X/L 

QUh.\ICH 

n0C-(  OIL! 

1 

79  3. 

).  63IA 

0 . 0 69  9 

J 

1 

.931 

.10^7 

A 

1 P37.M 

1 . 30  1 

0 . 1932 

) 

1 37A.  5 

1.693 

0.1812 

1 ' 

39 A.  2 

■0 . 2 61 

. 0 28  7 

1 f 

Ab3.  2 

0.  70  9 

0 . 0 /8  1 

1 

863.  2 

0.  709 

0.0781 

1 

1 2 b9 . 1 

1 . 3 60 

1 98  6 

1 

1 3 6^^  . 8 

2.  b0  2 

0.2736 

*%icpA:':TI  ALLY 

OohJCHKO 

1 Rh'^c  1 iogs*t* 

0 '] 

1/ 

KGriLrJ  Oi*' 

auto  CHI  OG  7. 

9.  67 

D 

0.00 

6 

0 . ' ^ V. 

/ 

1 .00 

H 

0 . 39 

1 1 

1 . ■ '1 

1 

3 • ^^3 

1 1. 

3. ‘-^4 

B(b)  Probe  Quenching  Efficiency. 

The  reaction  numbers  in  the  output  given  in  B(a)  correspond  exactly  to  those 
in  the  reaction  kinetics  section  of  the  WSR  submodel.  Virtually  all  of  the  reactions 
are  predicted  to  be  quenched,  reactions  2 and  17  being  the  only  notable  exceptions. 

The  other  partially  quenched  reactions  in  fact  are  special  cases  of  zero  or  negative 
activation  energy  and  as  such  would  not  be  expected  to  be  "quenched".  The  results 
of  these  calculations  then,  appear  to  verify  the  quench  efficiency  of  the  gas 
sampling  probe  design;  the  method  used  is  relatively  simple  and  constitutes  a 
useful  water-cooled  probe  design  aid. 


r 


APPENDIX  C. 


Calculation  of  Ambient  Flame  Gas  Temperature  from  Thermocouple 

Bead  Temperature 

As  explained  in  5.8  a Pt/Pt.13%  Rh  thermocouple  was  used  for  the  purposes  of 
estimating  mean  values  of  burner  exit  flow  temperature  (°C) . Due  to  heat 
transfer  considerations  the  thermocouple  bead  temperature  does  not  equal  this 
value,  a heat  balance  in  fact  is  necessary  to  relate  the  two.  This  Appendix 
outlines  the  method  by  which  was  calculated  from 

Pig.5.19shows  a sketch  of  the  thermocouple,  whose  bead  was  approximately 
spherical  and  of  1 mm  diameter.  For  any  output  signal  MV  the  bead  temperature 
was  determined  through  the  use  of  standard  conversion  tables,  since  no  cold  junction 
was  used,  room  temperature  was  added  on  to  this  value. 

Thermocouple  bead  steady  state  heat  balance: 


/Rate  of  heat  transferred 
( to  bead  by  convection 
' from  gases 


/ Rate  of  heat  transferredN  / Rate  of  heat  transferred 
^ from  bead  by  radiation  j +f  from  bead  by  conduction 
' to  the  combustor  walls  ' ' alone  the  leads 


along  the  leads 


h Ab  (Ij  - Tb) 


» Ab(t  Ib'*  - . T„‘) 


(Cl) 


where. 


mean  combustor  wall  tenq>erature , K. 


heat  transfer  coefficient. 


W 


m K 


bead  emissivity 
Stefan  Boltzmann  constant,  5.67  x 10 

absorptivity  of  walls 


-8 


J 

m K. 


D,  “ bead  diameter,  m. 
b 

Forced  convec  (on  and  turbulence  effects  constitute  additional  complexities  but  were 
neglected  since  first  order  approximations  only  are  required;  it  is  further 
assumed: 
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i)  ^2  ^ ^3»  practice  can  be  minimised  by  the  use  of  small  diameter 

leads . 

4 4... 

ii)  T.  >T  , T IS  difficult  to  measure  without  resorting  to  the  implant- 

b W OJ  o r 

ation  of  further  thermocouples. 

For  heat  transfer  to  a cylindrical  object 

h D. 


Nu 


2.0 


(B2) 


Now  A and  e are  not  constants  but  functions  of  temperature,  in  the  interests  of 
mathematical  simplicity  both  these  thermal  properties  were  expressed  as  linear 
relations. 


A = A . 

air 


6.13  X lo”^  T.  + 3.01  X 10~^  • 

f mK 


(B3) 


For  500  5 ^ 1800  C,  using  data  available  from  (111), 

^ ^platinum  = 9.63  x 10  ^ + 0.05 

wire 

For  500  $ S 1700  K,  using  data  from  (112) 
Substituting  (B2,3,4)  into(Bl)  and  rearranging  gives: 


(B4) 


2(T^-Tj^) 


„ (6.13  X lo”^  T.  + 3.01  X lO"^)  = o (9.63  x 10~^  + 0.05)  (B5) 

D,  I D b 

b 

For  speciAed  aifa  then,  equation  (B5)  is  quadratic  in  T^,  the  desired  gas 
temperature.  A FORTRAN  IV  program  was  written  for  use  on  the  Departmental  PDF  8/E 
digital  computer,  in  addition  to  evaluating  for  any  given  the  program 
estimates  the  density  of  nitrogen  at  corresponding  for  use  in  the  isokinetic 
gas  sampling  procedure,  5.8(e). 

C(a)  Gas  Temperature  Estimation  Program  and  Output. 

The  program  listing,  plus  output  for  three  different  thermocouple  bead 
temperatures  is  given  below. 


. J i ■ 

" J.' 

I-'-,  . 

' 1 . 

J , : ; i ,■  .4 

1 

i ■ ' 

' r.A  1 

. T Av' 

1 = tV-  ■ T 

J i 

1 ' 

. A 

1 . ) . . 

' » f ., 

) > 

I ''  )•  n'L 

' • 1 

, I . f I ) 

, . , t 1 1 r ; 3 / / n 
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Vii  T 1 /<  ) 

|;f  '1  , '■  ) 1 i 1 

1 V . = I ',1  1 <-  p 1 

1 1-'!  = I . A ■'4r.-  -1  .i 

....>=  ( . 1 ' /♦  I .(/  1 1 V . “ ; ) ♦•■U  t-j 

:■  0 i.ii-'  1 = ( ( I P-*-  . 1 )■)  * * ''-4.  .-I  ) t 

A = 1 . / 

'■=■'.  r' ' <4 
(•  Ak  1 ) 

; ■ = (■  I .1*  1 VJ  ■)  + f !;|-  I /K  W . '-4  ) 

1 r = ( (■  - '■  > + b'.'  !\  1 ( f ‘ • 4<  * + f '4  • 1 * A 4(  (,;  ) ) ) / ( t-' . I'H"  A ) 

^ / It:- 

vr,  T 1 Kf  '4,  .4  ^ 1 r . p.O 
rU;-, 

f jj/y  6 1 ( 1 M , r ' .A  4i ;.,  ir^K  = " » r M • '1  j '*)j.".b  (J  ”#  3A  » " h'J=  " . r H • J » ''■<  U/ .'i  j"  * / / ) 

r j;,'' A 1 f 1 '-I  t •’ IH  “hY  jC  J'^HLr,  i.-.'l*-'  ) 

{ f \ u , I •■1 ‘jt'.O' *•'■  pA  i;i  A i T J -j  H KA  1 L'Jb^  H !■(  J l^l-.A'*' " ) 

i ■ J IJ  1 '' 

I) 


* I A / ^ ? ■ 

i IJ  - M’ y • AulAlT  J\l  *4  aA  1 I.,  J-b  CjmAxI.  •-'n  .Jli.-lA  v: 
r-'A-JVoO).J|J|.r,  fi'ifJ 
1 ‘ VA . 1 

flAJi-.  lA-'-'  =1  1 TAa.  aAA  ! (Kb  !'  :-.J=  1 • r:  A A 


14  ••;.  l'KY'4  i 


■l.Av-,  ir.'P  = 1 A'4p.  A3m;r.i.i  t; 


■'1.  1 4.4><b/Y3 


J-W  _i(;i  ( : I H,  .,1'  ' 

1 A 1 • . 1 I 

rl.A*'.-,  I-;':!-’  =1  /aa.aA.  ' f.  i A 


'A  . 1 6 (j/  A 


C(b)  Discussion  of  Method. 

Catalytic  bead  heating  from  surface  reactions  and  possible  droplet  inter- 
ferement  effects  have  also  been  excluded  from  this  method  as  these  are  very  diffi- 


cult to  incorporate.  Fig.C.l  shows  as  f(T^)  for  the  thermocouple  used  in  the 
experimental  measurements,  due  to  the  fourth  power  effect  the  difference  between 
the  two  variables  clearly  becomes  more  important  at  higher  temperatures. 
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APPKKDIX  D. 


Autocorrelation  Data  Processing  Program. 

D(a)  Program  Description. 

A BASIC  Program  ACPR0C.3A  was  written  for  the  purpose  of  converting  the  range 
of  autocorrelation  data  before  the  plot  routine  could  be  used.  The  program  also 
evaluated  the  measured  time  scales  by  means  of  equations  presented  in  Chapter  6 
and  corrected  these  for  the  net  time  resolution  error  of  the  autocorrelation 
measuring  system,  using  equations  presented  in  (6.4). 

A standard  program  (Dec)C0ND14  was  first  of  all  employed  to  convert  each  data 
file  from  C0RD3  format,  to  BASIC  format.  The  next  step  in  the  processing  routine, 
which  is  illustrated  in  the  printout  given  in  D(c),  involved  the  running  of  program 
ACPROC.BA.  A listing  of  the  actual  program  appears  in  D(b).  The  program  takes  as 

input  a data  file  which  is  the  result  of  this  format  conversion  and  generates  an 
output  file  in  which  the  value  V of  each  point  lies  in  the  range:  0 ^ V $ 1000. 

Negative  values  of  V being  converted  to  the  range:  0 ^ V $ 200  and  positive 
values:  200  S V ^ 1000.  ACPROC.BA  was  written  so  that,  for  curves  in  which  the 

zero  crossing  did  not  occur  in  the  100  points  (i.e.  10  millisec)of  displaced  time  t, 
it  was  possible  to  extend  the  curve  by  typing  in  extrapolated  values  until  the 
zero  crossing  was  obtained.  This  naturally  affected  the  macroscale  since  under- 
estimation of  the  area  under  the  curve  would  have  resulted  without  this  modification, 
area  under  the  curve  after  the  zero  crossing  was  neglected  since  this  oscillates 
about  the  displacement  axis  and  is  very  small.  Area  under  the  curve  was 
estimated,  and  hence  t using  Simpson's  Rule.  A least  squares  curve  fit  is 

then  performed  for  the  normalised  autocorrelation  curve  to  derive  the  constants 
<T^^>  and<p^^\o)>  for  the  osculation  parabola.  Finally  equations  (6.19)  and 

(6.21)  are  applied,  in  order  to  correct  these  measured  time  scales  for  the  time 

h 

resolution  error  of  the  measuring  system.  All  pertinent  data  is  printed  out. 

Having  run  this  program,  C0ND14  was  then  run  a second  time  in  order  to 
convert  the  output  file  format  from  that  of  BASIC,  to  that  of  DAQIIAN.  The  program 
DAC^UAN  could  then  be  called  and  the  converted  data  file  loaded  for  display  and 

p lotting. 
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1 

D(b)  Data  Processing  Program  ACPROC.BA 


ACPmOC  BA  3.M  0b-.'gO^-/b 

1 HKM  --  PHOGRAM  FOR  PROCESSIMG  AUTOCORRELATI  0\J  DATA 

2 REM  --  1 COMVERSIO>J  OF  DATA  TO  DAQUAN  IMPUT 

3 DIM  Y<203)#Z( 100)*X( 10)>H( 10> 

A PRIXJT  "MO.  OF  EXTRA  POIMTS  M ?" 
b IMPUT  M 

6 IF  M=0  GO  TO  20 

7 PhI\)T  "bPECIFY  EXTRA  POIMTS" 

K FOR  1=1  TO  M 

9 I MPUT  z:  ( I ) 

10  MEXT  I 

2(3  FILE'J#!  ;"PSAC1.TM" 

60  FILEvN»2: "PSACl . TP" 

70  IMPOT#l  :A,P,C,  D*  E.F 
72  PRIM  r#2:  A.  R,  C*  It.  E,  F,  1000 
7b  I\JPUT#l:G 
80  FOR  1=1  TO  99 
90  IMPUT#l:T 
100  T1 =200+800*T/G 
102  0=1+1 
10A  Y( J)=  r/G 
1 10  PRIM  I#2!  T1 
1 20  M EX  I 1 

121  rOR  1=1  TO  M 

122  T2=2tV0  + 800*0.  ( I ) 

123  0=1+100 

1 2A  YfO)=Z( I ) 

IPs  Phi  Ml #2: T2 
1 26  MEX  1 I 
1 30  CLOSE*'-’ 

1 A0  P h I \i  I 
1 b0  “RIM  I 

160  PHI  Ml  "COMvEhSlOM  COMPLETE" 

1 70  Phi JT 

1 / S Pt’IMT 
180  Y(  1 ) = 1 .0 
IBb  P=0.0001 

190  HEM  --  2 IMTEGHATIOM  BY  SIMPSOM'S  RULE 
200  REM  --  P = T IMCHEMEMI 

210  S=0.0 

210  II-  I \j  If  0/2X(0/2)  GO  TO  218 

216  0=0-1 

218  Kl=C0-3)/2 

220  FOR  \l=l  TO  K1 

'’30  L = 2+M 

PA0  K = I,+  1 

2b0  S=S+( A.0*P*Y(L)/3.0) 

260  S=S+(2.0*P*Y(K)/3.0) 

2 70  MEXT  M 

280  S=S+ ( A.0*P-*Y(O- 1 ) /3.  0 ) 

290  S=S+( fYC 1 )+Y(0) )*P/3.0) 
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4 


D(c) 


3(1  1 
31  1 

3 3(5 
34^1 
3 3C5 
36:5 

3 /(5 
3Hi5 
30^1 
^4  1 5 

^3'1 

^63 

4 6(5 
^ 7'^ 
^4H3 
493 

613 
330 
6 3(5 
6 43 
6 b'.5 
6 6!5 
6 /3 
6Hi5 
69(5 
60(5 
613 
6 20 
6 33 
64'i 
64  6 
6 4 7 
6 6-5 
6 6f^ 

6 /3 
660 
69(5 
M53 

7 10 
7 1 6 
7 2(5 
7 3 .5 
/ 4M 
/42 
7 44 
7 63 
/ 6.' 
9 1(5 


PHI  IT  "f.S  1 I \A  r •.  Oi-  I j 1 r i,nAl.  = ”;  S 
P n I g T 

p h I .'j  r 

HEM  --  3 LEAST  SQUAHk-S  MT  OF  gUHMALISED  AUTOCOriiih-LA  i 1 0 nI 

iiEM  --  FU'JCnOJ  Ai<OUMD  PEAK 

FOh  1=1  TO  A 

H(  I )=i5.0 

^)EXT  1 

KOh  1=1  TO  10 

X(  I ) = ( ( I-  1 )*P)*5'2 

H ( 1 ) = h ( n + 1 . (5 

H ( 2 ) = H ( 2 ) + X ( I ) 

hf  3)=H( 3)+x< I )*X( I ) 

H(4)=H(4)+X(  I 5 + -*-3 
HC6)=(\C6)+X(I)5>5'4 
HC6)=HC6)  + Y(I  ) 

H ( 7 5 = ts  ( n + Y ( I ) ♦ X C I ) 
ri(«5=i\(8)+Y<  1 ) + X(  I ) + X(  n 
MKXi  I 

Al=K(3)^hC6)-Hf4)*KC4) 

Pl=K(35*H(4)-f\(2)  + H(S) 

Cl=H(2)*R(4)-HC3)*h(3) 

D1=H(1)*H(6)-H(3)kR(3) 
h:i=F(2)*h(3)-R(l  ) + h(4) 

M =R(  1 ) +H(  3)  -iv(  2)*H(  2) 

('=Al*h(l  ) + Bl*ri(2)  + Cl't<h(3) 

U=  ( A1  + R(  65  + Bl  tRC  7 ) + C 1 ♦HC  8 ) ) 
v/=(m*R(6)  + Dl*H(/)  + El*R(85)/Z 
w=  ( C 1 * H ( 6 ) 5-  E 1 ♦ R ( 7 ) + F 1 * H ( 8 ) ) /Z 

P’d'JT  ••  A=";ij 
Pni.Nir  V B=";v 

Phnn  "0=";*  ■ 


P.",I  T T 
P:  I Mi 

iiEX  --  4 f:OHj'.c,C'i  I OM  Of-  MEASURED  MICRO&MACHO  I'lME  SCALc-S 
i^EM  --  1-OK  SYSTpI'i  f-REOUEMCY  RESPOMSE 

pp  = 9. 4 

* = .v  + 2 4 • (5 

0 = - 1 . 5 / ( : > . 0 ♦ V ) 

B3=  1 . 1 /(  !-2-*0  ) 

A2=  C ( .7*C/B2  )+  1 . ,5 ) / ( B3+  1 . (5  ) 

0 1 = SOHCfi  /A2  5 + 1 (53(5 
A=  SOftCO  ) + 1 0(5(5 

L1=S/(1.0+B3) 

PPIT  l " < 1MA>  = "J  S; ’’XS.'-.C'' 

PHI  Nil'  '•  TMA  =”;  SI  ; "MSEC" 

P R I Ij  T 
PHI  Mi 

PHiMT  " <'i>n  > = ";  o;  ".Ms.EC" 

URTNir  " T'^I  =";^15"MSKC" 

E -J  L 


Data  Processing  Routine. 

The  teletype  listing  given  below  shows  the  complete  processing  routine  used. 
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c u'Nj  n 1 ^1 


♦ PSACl  . rf--<Pi)A(;i  . !)A 

♦ !•  A<CO 


♦ «c 

• H ° A S I C 

\jK^  Or  Cj(.,IJ--OI,D  bTAO  : A CP  hUC  • A 
RKACY 

MO.  OF  EX'l  hA  PQI  4TS  M ! 

?C1 


COMv-RSI UM  COMPLETE 


ESnXATE  OF  l.MTEGhAl.=  O.O02A9A33 


hO=A+Bt I+*2+C*T*+A 
A=  0.9AK218 
B=- 3720 
C=  . 2638  1 DpJ  + 0 1 2 


<jVjA>=  2.A9A3A  .-ISEC 
r^A  = 2.A917A  0SEC 


<TVT>=  0.9H666b  MSEC 
TV,  I = 0.9  8 900  1 MSEC 

HEAF)Y 

BYE 


. H C OM  1 ) 1 9 

+PSAC1 . DQ<PSAC1 . TP 

* PA<  9 

♦ t c 

• h DAOUAa) 


DAQ'jAM  us- 8 ! 

TTILE:  DISPLAY  AMD  PLOT  AU  lOCuHRFX  AT  I OM  CUhvE  : POIMTl 

08.  WIT  ME! 

MA: *PSAC1 . DO 


Mu.  POIMIS=  100 
PIS.  TO  S<IP=6 
PL : 

I.TME  PLOT  7 Y 

V V ' ..!V 


; ‘ ' 1 1 11. 1 1 1 r r 


APPENDIX  E. 


Calculation  of  Equilibrium  Composition. 


The  concept  of  chemical  equilibrium  was  introduced  in  2.2(d),  this  appendix 
then  describes  the  method  used  for  calculating  flame  equilibrium  composition 
which,  as  mentioned  in  4.2(a),  is  employed  as  an  initial  guess  for  WSR  solution. 
The  following  dissociation  equilibria  are  used: 


CO, 


CO  + i 0„ 


Pco  ^0, 


(El) 


H„0  ^ H„  + J 0, 


H.,0 


(E2) 


H2O 


i H2  + OH 


POH  Ph, 


■H.,0 


(E3) 


H 


(E4) 


i O2  - 0 


(E5) 


i N2  + i O2 


NO 


*^N0 

^Pn  'Po  ^ 
1^2  ^2 


I 


(E6) 


i N, 


Pn 


(E7) 


Now  ; 


n 

c 

B 

Pco  PCO2  

(E8) 

- 

^ PH2O  ^ PoH  ^ Pr2  

(E9) 

"0 

M 

^ PCO2  ■*'  Pco  PH2O  * ^ PO2  PoH  Po  PnO  

(ElO) 

e 

Pn  Pno  2 Pj^  

(Ell) 
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The  total  pressure  is  considered  to  be  1 atmosphere  so  that: 


P = ^ p.  = 1.0  (E12) 

Now,  the  ratios  UQ/nj^,  and  n^/n^  must  clearly  be  the  same  for  the  feed 

composition  and  the  equilibrium  composition  so  that  the  values  of  these  ratios 
for  any  particular  feed,  together  with  equations  (El-12),  form  a closed  system  at 
any  temperature  T.  At  any  known  T the  equations  can  be  solved  by  a modified 
iterative  triangulation  process  (116),  provided  that  which  are  functions  of 

temperature,  are  also  known.  ^1-5  i(T)  were  obtained  from  Reference  (14)  whilst 
Ky  as  f(T)  was  taken  from  Reference  (117).  When  the  equilibrium  flame  temper- 
ature (adiabatic)  is  also  required  a heat  balance,  involving  species  heats  of 
formation  and  heat  contents  (14),  must  be  additionally  satisfied,  so  that  further 
iteration  is  needed.  Using  the  basic  method  (116)  a FORTRAN  IV  computer  program 
was  developed  to  enable  the  calculation  of  flame  equilibrium  composition  for  a feed 
of  variable  temperature  and  general  composition,  in  terms  of  the  chemical  species 
used  in  the  WSR  model  described  in  Chapter  7,  the  program  was  capable  of  operating 
in  the  two  modes: 

a)  Specif ied 'flame  temperature, 

b)  unknown  equilibrium  flame  temperature  (adiabatic). 

A simplified  version  of  the  program,  SUBROUTINE  EQUILB,  is  described  in  Chapter  7 
and  presented  in  Appendix  F;  the  program  operates  in  the  former  mode. 


Ai’PENDIX  F. 


PROGRAM  GRASP 


F(a)  Program  description. 

The  FORTRAN  IV  computer  program  GRASP  (General  Reactor  Analysis  and  Simulation 
Program)  was  written  to  enable  stirred  reactor  combustion  calculations  to  be  carried 
out  for  a wide  range  of  reactor  networks  and  options.  GRASP  was  used  to  derive 

the  BFB  model  predictions  which  are  presented  in  7.5;  a listing  of  GRASP  appears 
in  F(f).  The  program  was  run  on  the  Manchester  University  GDC  7600  regional 
computer  due  to  the  large  storage  and  computation  rate  facilities.  GRASP  requires 
approximately  36K  storage. 

GRASP  is  organised  into  a PROGRAM  control  segment  plus  a set  of  SUBROUTINES. 
Table  XI  lists  these  routines  and  identifies  the  function  type  and  contributing 
authors  of  each,  it  inay  be  seen  that  certain  SUBROUTINES  have  the  status  of  a 
Module.  A Module  is  considered  to  be  a unit  in  which  specified  chemical  and/or 
physical  processes  occur,  the  function  of  a Module  then  is  the  evaluation  of  the 
composition/T/P  of  its  output  stream(s)  - for  defined  input  stream(s).  TEST 
and  LOOPl  have  a different  status  as  will  be  appreciated  shortly.  For  each  Module 
a 30  element  UNIT  list  is  defined  which  contains  pertinent  data.  GRASP  is 
dimensioned  so  that  j^ip  to  10  Modules  may  be  used  in  any  reactor  network.  Modules 

t 

are  numbered  left-*right  in  any  network,  e.g.  Fig.F.l  which  is  the  GRASP  equivalent 
of  the  BFB  model  Fig. 7.2. 

All  Modules  are  interconnected  by  streams  of  distinct  composition/T/P  which 
are  represented  by  a 25  element  FXOW  list,  up  to  20  streams  may  be  used  in  a 
network  at  present.  All  elements  of  UNIT  and  I1.0W,  plus  the  various  program 
control  variables,  are  defined  in  GRASP. 

a)  PROGRAM  Segment. 

This  constitutes  the  "Executive"  or  control  section  of  GRASP,  it  controls  data 
loading,  the  calling  of  each  Module  in  sequence  and  selection  of  the  required 
printout  routines.  If  mote  than  one  run  is  requited  then  UAI.TER  is  called  for 


the  modif icdtion  of  ptot,ram  input  information. 


b)  aUBRObTINE  MODb'LK 


This  routin<>  is  called  by  the  PROGRAM  segment  each  time  a new  Module  is  to 
be  entered,  the  type  number  of  each  Module  is  given  in  this  routine. 

c)  SUBROUTINE  DLOAD 

DLOAD  reads  all  the  reactor  network  parameters  including  UNIT  and  FLOW  plus 
various  network  options.  If  required  a printout  of  the  loaded  UNIT  and  independent 
FLOW  data  is  made. 

d)  SUBROUTINE  PALTER 

DALTER  loads  the  modified  input  data  if  NRUNS  >1.  For  each  run  a maximum  of 
20  changes  to  each  of  the  UNIT  and  FLOW  arrays  may  be  implemented. 

e)  SUBROUTINE  WRITE  1 

WRITEl  outputs  the  final  flow  analysis  after  all  recycle  loops  and  individual 
Modules  have  been  solved.  In  addition  a separate  set  of  information  regarding 
the  state  of  all  WSR  and  PFR  network  modules  is  printed.  Output  Channel  3 is 
principally  used  by  GRASP  for  data  printout. 

f)  SUBROUTINE  WRITE2 

WR1TE2  outputs  the  values  of  the  UNIT  and  independent  FLOW  arrays  whenever 
called,  i.e.  performs  a useful  intermediate  check  of  this  network  data. 

g)  SUBROUTINE  WRITE3 

WRITE3  was  written  specifically  for  the  BFB  reactor  model;  it  pririfs  out 
air  and  fuel  feed  flows  and  initial  mean  velocities,  also  the  fuel  spray  ISO, 

and  R. 

int 

h)  SUBROUTINE  WSR 

This  routine  is  the  control  and  initialisation  section  of  the  most  important 
Module  in  GRASP,  it  is  called  for  the  solution  of  a single  WSR  or  a chain  if  in 
a PFR,  WSR  employs  8 service  routines.  The  order  of  species  used  must  be  the 
same  in  all  the  various  calculations,  data  input  and  FLOW  list,  the  order  is  (with 
reference  to  the  BFB  model): 
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WSR  may  be  operated  in  either  the  constant  temperature  or  constant  enthalpy 
mode,  the  latter  being  usually  used.  Note  that  P and  m^/V  must  be  specified. 


The  main  functions  of  WSR  are  i)  reading  of  input  data,  ii)  initialisation 
before  COMI'  is  called  and  iii)  the  setting  up  of  the  output  FLOW  and  UNIT  lists. 

For  any  WSR  which  is  either  not  in  a recycle  Loop  or  for  the  1st  pass  through  one 

which  is  located  in  such  a loop,  it  is  necessary  to  guess  T and  in  order  to 

* 

estimate  t^.  EVAP  is  then  called  to  compute  , BBl  is  then  called  before 

calculating  and  finally  entering  EQUILB  for  a modified  equilibrium  initial 

guess.  For  the  2nd  and  subsequent  passes  through  a WSR  (in  recycle)  the  initial 

guesses  for  v*>  T,  p„  and  t are  set  to  the  previous  converged  values  for  that 
'1  u s 

Module . 

* 

i)  SUBROUTINE  PFR 

9 

PFR  calls  WSR  10  times  (4.2(b)),  if  in  a recycle  loop  and  LOOP > 1 the  first 

subvolume  initial  guesses  for  T,  p and  t are  set  to  the  previous  values  for  that 

Cj  s 

Module  subvolume  - an  equilibrium  guess  at  that  T is  then  used  to  derive  initial 
values  for  v^.  A set  of  LOGICAL  variables  control  EVAP  and  WSR  when  solving  a PFR. 

j)  SLBKOUTINT  MIXER 

MIXFR  enables  streams  to  be  adiabatically  mixed/split  at  any  point  in  a network, 
hus  general  mass  and  heat  balances  are  performed  on  the  gaseous  phase,  BB3  supplies 
' ;-e.  i.es  specific  heat  terras.  A separate  mass  balance  is  performed  on  the 

i-.f,  negligible  sensible  heat  for  this  phase  and  = 0 being  assumed. 

' I--  rie  cutpuf  stream  it  is  necessary  to  supply  the  appropriate  split 

r l.'NIT  list.  MI/JiR  was  also  used  to  set  the  temperature  of 


f 
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k)  SUBROUTINE  COAN 


COAN  was  written  for  the  BFB  model,  it  describes  the  operation  of  the  Coanda 


internal  recirculation  unit  for  this  combustor.  From  values  of  T 0- 

AIK  KUi  J 

and  P the  calibration-corrected  air  mass  flowrate  is  calculated.  COAN  is  also 


cc 

called  by  EVAP  when  V (0)  is  needed,  equations  (A. 78, 81)  being  employed.  (A. 80) 
is  then  applied  for  evaluating  3.nd  hence  the  split  fractions  for  Module  No. 6. 

COAN  also  feeds  2 network  control  parameters  into  EVAP. 


l)  SUBROUTINE  PJET 

PJET  is  a general  routine  for  pressure  jet  atomiser  calculations  although  it 
contains  the  BFB  device  mass  flow  calibration.  From  the  single  variable  P^  PJET 
returns  (5.8)),  V^(0)  (eqns.  (A. 56, 57))  and  the  spray  ISD(eqns. 

(A.A8-^52,55))  for  use  in  E^VlP. 

m)  SUBROUTINE  TEMPRFS 

TEMPRES  enables  T or  1 (or  both)  for  any  network  flow  to  be  set  to  desired 
values . 

n)  SUBROUTINE  TEST 

TEST  is  a standard  routine  developed  by  Burgess  et  al  (123)  for  the  iterative 
solution  of  recycle  loops,  to  a specified  accuracy.  A convergence  promoter  may 
be  used  to  increase  the  rate  of  convergence. 

o)  SUBROUTINE  LOOPl 

LOOPl  is  the  1st  Module  to  be  entered  after  a recycle  loop  has  been  solved, 
NCYCLE  and  LOOP  are  reset  according  to  whether  or  not  further  recycle  is  required. 


p)  SUBROUTINE  COMP 

COMP  solves  (A.29-*-A0)  by  means  of  a Newton  Raphson  iteration  scheme,  BBA  being 
called  for  the  partial  derivatives  required  to  evaluate  a composition  change, 

CHOLES  reduces  the  interation  matrix  thus  generated.  A scheme  for  reducing  the 
correction  terms  to  prevent  over-correction  is  used,  when  the  species  eqn.  (A. 29) 
and  energy  balan"e  (A. 30)  are  satisfied  control  is  returned  to  WSR.  EVAI’  is 
called  for  the  first  10  temperature  iterations  to  obtain  for  good  estimates  of 
T and  t^,  in  this  way  oscillatory  iteration  was  avoided.  BBl  is  called  each  time 
Y-*  are  modified  and  BB3  each  fine  T changes. 
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q)  SUBROUTINE  BBl 


BBl  evaluates  the  coeiticients  of  the  element  conservation  equations  used  for 
the  WSR  dependent  species.  The  first  time  through  BBl  the  independent  species 
conservation  coefficients  are  read. 

r)  SUBROUTINE  BB3 

BB3  computes  species  enthalpy,  specific  heat  and  free  energy  values,  it  may 
be  called  from  MIXER,  WSR  or  C0M1\  The  1st  time  through  BB3  a set  of  14  coeff- 
icients for  each  physical  species  are  read  in,  these  coefficients  correspond  to 
those  in  (4.41-<-43).  This  data  for  Kero  and  is  also  available  to  EVAP  for  use 
in  (4.59,60). 

s)  SUBROUIINE  BB4 

BB4  contains  the  chemical  kinetics  of  the  system  being  investigated,  the 
1st  time  through  kinetic  data  including  participating  species,  rate  constants, 

3rd  body  efficiencies  and  reverse  rate  options  for  each  reaction  are  read.  If 
it  is  specified  that  IK  = 1 then  the  1st  chemical  reaction  is  selected  as  the 
quasi-global  finite  rate  pyrolysis  step  (2.27).  BB4  produces  a printout  of  the 
above  data,  e.g.  Table  VI  for  the  BFB  model.  The  partial  derivatives  required 
in  COMP  are  then  computed. 


t)  SUBROUTINE  EVAP 

EVAP  evaluates  for  specified  T and  for  any  network  WSR.  Since  this 
involves  time  dependent  quantities  a number  of  control  parameters  are  required  for 
incorporation  into  both  the  WSR  and  recycle  loop  iterative  solution  schemes,  these 
parameters  are  defined  in  GRASP.  An  option  is  provided  for  region  A or  B thermal 
properties  in  (4.59).  EVAP  was  written  as  a completely  general  evaporation/mixing 
routine,  it  requires  additional  inputs  of  spray  ISO,  V (0)  and  V (0) . 

S 

u)  SUBROUTINE  EQUILB 

EQUILB  generates  an  equilibrium  initial  guess  for  WSR  composition  when  T^^  and 
are  specified.  As  explained  in  7.4  ,(T^^-200)  is  curve  fitted,  an  alternative 

value  of  T may  be  supplied  if  lEQ  1 is  selected.  The  equations  given  in  Appendix 

* 

E are  then  used  to  compute  the  equilibrium 
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v)  SUBROLTINE  CHOLES 

CHOLES  is  a standard  service  subroutine  which  reduces  the  iteration  matrix 
generated  in  COMP  by  means  of  the  Choleski  factorisation  method. 

w)  SUBROUTINE  RATES 

RATES  evaluates  the  values  of  the  rate  constants  and  their  derivatives  required 
in  BB4.  Equations  (4.36-*-39)  are  employed  for  this  purpose  and  Kj  are  calculated 
using  free  energies  derived  from  BB3. 


GRASP  modular  valent  F\G  "7.2. 
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TABLE  XI. 


Program  GRASP,  Breakdown  of  Routines 


Subroutine 


PROGRAM  SEGMENT 


Function  type 


Contributing  authors 


DLOAD 
DAL TER 


Burgess,  Robson  & Wells  - joint  authors  of  chemical  engineering  flowsheet 
program  PRIMER:  Ref. (123). 

Osgerby  “ author  of  a PSR  program:  Ref. (115) 

Felton  - coauthor  of  program  GRASP,  version  for  PSR  type  calculations. 
Prior  - main  author  of  WSR  version  of  GRASP. 

Main  control  segment. 

Module  selection  segment. 

Data  input  or  modification. 

Data  printout. 

Module . 

WSR  Module  service  routine. 


F ( b ) Program  data  in^jut . 


Two  data  input  files  are  required  by  GRASP,  the  1st  is  read  by  DLOAP  (also 
DALTER  if  NRL'NS  )■  1),  data  is  specified  in  NAFftlLIST  format,  F(c).  The  2nd  input 
file  contains  information  required  by  BB3,  BBl  and  BB4,  standard  format  is  used, 

F (d) . Species  names  and  molecular  weights  are  contained  in  a WSR  DATA  statement. 
F(c)  BFB  Model;  typical  module  network  data  file. 


Jextci, 

NRUNS«1  I 
TiTi.e«ia*o, 

l.IST-1  ,2*3»4,5»6f7,8,V.O, 

lDCP»1,2,3r4,5,d/7,8,9,10,11,12*13.U,l5i16, 

RP«INT»5*1,0, 

s 

SuMTL 

GMTI.I, 9, 3*1, 3^8*0/430, 7. 3, 288/11*0, 6, 0» 
UMT2-2/10, 2*1, 2/4, 8*0/120, ^*0/ 

0MT3-3, 3,2,1,3/4,5,7*0,1,14*0,1/ 

0MT4*4, 3, 2, 1,5/9, 6, 7*0, 1,14*0,1, 
0MIT5»5,1,2*1/6,7,9*0,300,13*0,240, 
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F(d)  BFB  Model ; thermodynamic,  conservation  and  reaction  mechanism  data. 
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ESTIMaTIC  RURnEH  overall  EQUivalENEE  • .827 

0E8REE  OF  INTERNAL  RECIRCULATION  ■ JI,  439II 


*p**afinal  flow  analysis 
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species  Flow  rate  temperature  ISS.OiR  pressure  .96  atm,  total  flowrate  1.00001*00  MOLE/SEC 


M 0, 

N 0, 

0 0, 

OH  0, 

HJO  0, 

(ERO  0, 

CO  0, 

NO  0, 

N20  0, 

CC2  0, 

NJ  0, 

OJ  0. 

N2  0, 

0^  0, 

N^  0, 

AERO  0, 

L19F  0, 


stream  number  2 


SPECIES  Flow  rate  temperature  JOO.OiK  pressure  .96  ATM,  total  FlOURiTB  1.00001*00  mole/sec 


H 

0. 

N 

0, 

0 

0, 

OH 

0. 

“JO 

0. 

AERO 

0. 

CO 

0, 

NO 

0, 

NJO 

0, 

CC2 

0, 

M2 

0, 

02 

0, 

N2 

0. 

02 

0. 

N2 

0. 

AERO 

0. 

LIOF 

0. 

stream  WUMIER  j 


SPECIES  Flow  rate  tcmperatlri  133, OiK  pressure  .96  atm,  total  Flowrate  s,328oe-oi  mole/sel 


k 

0| 

k 

0, 

c 

0. 

OM 

0. 

0. 

KERO 

0, 

CO 

0, 

»fO 

0, 

^20 

0, 

cc? 

0, 

H2 

0, 

02 

0, 

0, 

02 

6,9888£'02 

N2 

2.6291E*01 

5 


stmam  MUHIIR  a 


’ECUS 

Flow  rate 

N 

0. 

R 

0. 

0 

0. 

Oh 

0. 

HEO 

0. 

AERO 

0. 

CO 

0, 

RO 

0. 

RJO 

0. 

COJ 

0. 

WE 

0. 

02 

0. 

R2 

0. 

02 

0, 

R2 

0, 

AERO 

0, 

LIQF 

5.4031E-01 

STREaW  WL'RBER 

>ECIES 

Flow  rate 

H 

0, 

R 

0, 

0 

0. 

OH 

0. 

H20 

0. 

AERO 

0. 

CO 

0. 

RO 

0. 

R20 

0. 

C02 

0. 

H2 

0. 

02 

0. 

R2 

0. 

02 

6.9888E-02 

R2 

2.6291E-01 

AERO 

0. 

LI9F 

5.U031E-01 

stream  number 

5EC1E5 

Flow  rate 

2. 5868E-0A 

N 

6.5297E-12 

0 

A.  2669E-04 

OH 

6.0312E-04 

1 .7343E.02 

kEPO 

5. 5243E-07 

CC 

1 . 2500E*03 

UQ 

4.50948*07 

N20 

9.4951E-C8 

CC2 

1.6852E'02 

H2 

3. 2792E-0* 

02 

1 . 1 591 E-02 

N2 

1 . 4391  E-01 

02 

6.9970E-02 

2.6322E-01 

«epo 

3.25538*06 

5,S218E*01 

TtHPEBATUBE  300. OiH  PRESSOat  .96  AtM, 


TOTAL  flowrate  0. 


stream*  number 


(CIES 

'LOW  RAT! 

H 

7.  319AE-04 

S 

1 .85668*11 

0 

A . 2C35E*03 

On 

1 .70468*03 

H20 

4.90438*02 

XE  RQ 

1 . 5683E*06 

CC 

3, 5419t*03 

NO 

T . 26’ 48*06 

N20 

2.668»£*07 

CC2 

4.76488*02 

H2 

9 . 29468-04 

02 

3.25978-02 

N2 

4.C6268-3T 

02 

2 . 5 2 468  *0  4 

N2 

8 . 74  49E-04 

ktPO 

9 , 19  468  ••06 

U 

1 . 1 69  58*01 

TERPERATLiRE  353. 0 ,»  PRESSURE  .96  ATM,  TOTAL  FlOWRaTE  3.3E80I-01 


TERPERATURE  635. 3 |K  PRESSURE  .96  ATN,  TOTAL  FLOWRATE  5.2576E-01 


TERPERATLRE  1605. A|R  PRESSURE  ,96  ATM, 


total  flowrate  5.AATFE-01 


- 166 


MOLE/SEC 


ROLE/SEC 


MOLE/StC 


mole/sec 


stream  numser 


ECIES 

Flow  rate 

M 

2, 5940E-04 

k 

6. 5T9EE-1 J 

U 

4. 2643E*04 

Oh 

6,0411 E-04 

**£0 

1 , 7380E-02 

KfcftO 

5, 35780-07 

CO 

1 . 2552E-03 

^0 

4. 4703E-07 

9,458'E-08 

C02 

1 .48846-02 

Xi 

3,29406-04 

02 

1 .1552E-02 

N< 

1 ,43971-01 

o< 

8.2382E-05 

N2 

3. 099' E-OA 

K6H0 

3, 2583E-04 

LIQf 

A.1443E-02 

stream  number 


ECUS 

flow  RAT! 

H 

2 . 3B48E-0A 

k 

6.5797E-12 

0 

4. 2669E-04 

Oh 

6. 031 2E-04 

M20 

' . 7343E-02 

tfcflO 

3.5243E-07 

CO 

1 , 2 500E-03 

SO 

4, 5094E-07 

S2fl 

9. 4951  E-OB 

C02 

1 ,6852E-C2 

H2 

3.2792E-04 

02 

1 .1 591E-02 

S2 

1 , 4391  6-01 

02 

8,2382E-05 

3.0991C-04 

*ERO 

3. 2553E-04 

Lior 

4.  1 847E-02 

stream  number  10 


ECUS 

Flow  RAT! 

H 

4.7256E-04 

k 

1 ,'984E-11 

0 

7,76S3E-04 

OH 

1 , 1 003E-0  5 

H20 

3 , 1 442E-C2 

<Eao 

1 . 01 25E-04 

CO 

2,2*64t-03 

so 

8. 1 436E-07 

S20 

1 .7230E-07 

C02 

3.0762E-02 

«2 

6.0007E-04 

02 

2.1043E-02 

S2 

2.6228E-01 

02 

1 . 5008E-04 

S^ 

3,6458E-04 

*EO0 

3.9 J6' E-06 

LTOF 

7. 5500E-02 

STREAM  number  11 


ECIES 

'LOW  RATE 

w 

1 , 71 41 E-04 

N 

' ,1796E-'0 

0 

3 . 4984E-04 

OH 

1 .1317E-03 

H20 

3.6713E-02 

TERO 

6, ?737E-09 

CO 

1 . 7384E-03 

NO 

2. 71 84E-06 

429 

1 .32'7E-07 

C02 

3.6048E-02 

«i 

4,21  73E-')4 

02 

1 . !8  366  - 02 

42 

2,62776-01 

0,: 

1 .8  7 306-05 

42 

7.C5T26-03 

«6R0 

3.6257E-03 

LI  3F 

7, 5SCCE-04 

temperature  '135. 0»K  pressure  ,94  ATM, 


total  FLOURaTI  1.9306E-01 


temperature  1 033  , Ci«;  pressure  ,9a  atm,  total  Flowrate  i.9Z9ae-oi 


temperature  1401. a, R PRESSURE  ,96  ATM, 


total  Flowrate  3.5171E-01 


temperature  1441, J(»  PRESSURE  ,96  ATM, 


total  Flowrate  3.333JE-oi 


- 16  7 - 


1 

MOLE/SEC 


mole/sec 


MULE/SEC 


mole/sec 


I 


4 


t 


c cn  u.  u. 


- C i 
■ C 

> t u.  \ 


►-  a — 


c 

o 


^ o 


• f\j  u. 

N •- 

. C'  c 


u »-  O ^ 


c X 


3 O uj 

1 c:  u.  a tA 
c « o 

3 U C- 

I—  *—  to 

u.  C a. 

. c r; 


& & 


e: 


> >■  r u.  a-  > u 


u-  o 


ki~fi 

• ^ n » M ^ 

'-wOZfS  — >t' 

-►-3  - 5ruiTL.^^'~^^'^ 

^C— -^*e.  k — — aa 

, 

, “ 2’  ^ _ w-f  C.J*w^-c 

H 7C  Cu. 

■ *—  u)e;2  ci»-rxaj 


C <\.  « 
{ 

tr  r> 


c **.'  c 

utn_u- 

, T uj  »-• 


C.  ►-  < < 


3 u.  k a . 


I C-  O 1 Cl 


a C f 7 1 3 


(A  U.  (O  I 

•- 
< o 

c o 

^ z 


II  It 
»-  < C £ 

• *-*  c.  c.  c 


c > 

U>  CJ 
2 2 


C 2 

lb.  or  c 

2 2 X 


* »~ 
Ci  ►-. 
_l  2 
u.  D 
> > 


>j  a • 2 X ►- 


a 


. fv  ^ ^ 4 

‘ • t.  % 

2.  — — : 

1 • 


I CV  ►-  _J  2 

> Ifc  3 ■« 

>.  •«  2 O *- 

» <b  ■< 

X o 

o *-. 

_i  2 O 

u.  z>  tu 

V X u. 


3^  c •»>  *- 


2 _i  _i  a . 

— U.  V c O *-  X 


»-3-4liO_JU.3> 

►-ca  «<ozz 

V *s 
b-  ►- 

!/•»  in 


o 

►- 

m — 


LJ 


a ^ a ►-►-►- 


2 *“  2 •-  I 


• t 

— H 
II  •— 


r ^ t Cl  "o 

II  M II  II  M H «~ 


X X X X y 


•-  X * i 


i ^ 
•—  li 
C.  Cj 


Z3ia3XZ3  — 


aac  a 


u u u.  ta  z>  r 


> •^  > l_i  ►-  -J  2 


WOOOOUOOddiJOOO  OOO  OCJO 

<f\i^'*K"'0^ccoK.«-r>j^'0ir>'C^v(r.o<s,— — rvn^y'jC^v*, 
0'a0'00'0-rae*&iar.  r.  rvC&— — — ^i\f^<Nif'«n.f>.tN.c\.rs.fs.iof^r-,  »■,  mir 


1 


•—  • ■ 


O — . w 


. o 


a.  « 


c ^ 

_j  & 

u.  •-• 


_ n C n u. 


O ^ I 


^ z 

rw  • 1 

— r>  — 

• — X 


u.  »-  •or. 
— 3 «r  o — • 

i»  ^ a.  ^ 
.»-•-*>  u.  It  c 
a ►- 

' ^ z w.-  o 

♦-ciuUfC'O 

. o ’ — > ‘-S 


^ w •-•  I o r> 


UJ  ^ 

>-•  «l 


O n ' 
-;  d ' 


c I ^ 

>u  a cv 

• c 
i c 


• — • — ? o rw 


^ O CD 

•—  Cw  fc-  •>-  fV 

— w C.  • • 

**'  U.  L5  rj  o 

I u.  i ^ rj  — 

I ar  ^ 

» “3  •lC->lcCSO-«S. 

— • HUd 

a'-'«-«3u-c 

3 • 

(fCC  > — •« 

• u.  tr.  n M j »-  ►-  u.  j.  t *-. 

» ti  u ti— 

M ZOOOUU.U  <rc<4 


I — jr 

. o 


o rg 

2 w 
M U. 

^ z 

2 • 


» c-  IT/  «r  u. 


R — 

& e 


1%  ^ ir  'T'  ►s.  «c  < 

«,  •!.  c e.  c'-  «.  I 
1*^  tr.  r-.  ir>  o')  »o 


i_>  u 
— fg 
. ^ ^ 


^ (O  >c  »< 

K ^ ^ 


^2')«crv 
— — \N.  fvj  r',  CNiC'.  (V 

^ »»7  K>  ^ ro  ^ 


O O O O «J 

0/0  S — <V^««D^K«0*S  •“•  T’CKcrOF?  — kT*  O fv  X)  O — 

^2'-  ^ ntnir  »rtr/tr  » **.  << 


►-  <•/  »J 


•“• 

•-•  z 

■»  :d 


:3  • 

»-  ^ 
•«  • 

a >s 


« ►-  . 

to  • 

to.  to,  : 


O y 
-J  Z5 

u.  or 


s 2 •>  •-• 


(O  ^ to 


*-»  w>  UJ  — 


«r,  z 

j to> 

c 1 


«f  toJ 
U.' 

•-«  to 

to 

•-  1 


rg  — 
»-  2 

«.C 


C -i  L 

c . 
o a : 


2 -J 
►-  2 

z * 


* 

o ►-  c 

_J  ti 
to  « ^ 

> c '- 

n _j  ►- 
^ to  ^ 
2 

, C 


c r» 

W o •- 


to  O O 


w C to  C-  C?.  C C- 


. — to/  O 


^ ^ c ^ 


C.  to 
li  ^ 


ft  »■ 

r — 

-j  <• 


] ^ •-  ^ . 

* » . (V  ♦ • 

— f 2»  to  I 

n C — • 

to*  j • f 


to  XX 


to  O ^ -J 
to*  “j  I - C. 

w to.  to  r <\« 


■ r a-  *o  ft  ♦- 

*>  1 to  to4  ^ c\ 


■*.  <*. 
u I 1 
— — - 


. e to,  ^ 

« w ^ u 

« « ft  to. 

t.  to.  to, 

r .t  ft  to 
t U,  ft  •-' 


• c 

V *~ 

iCi  - 

• S fs. 

to.  < * 

to  to  >. 

O to  to 

UJ  to  Co 


X « ft-  to.  — 


»<lQr  — 

*4  to-  to  C 

X w (D  « ( 

ft-  to  tok  ( 


*-  to.  ft 


fk  t a 

O u. 

to  r to 


»T  ■•I 

3 } ; 

rr  2 rr 


O 3 (1 
Ui  2 d 

U-  c - 

O to  • to  • 

— r. 


fN  3 

to  U. 


a*  t-  o 

to  to> 

~k  n tof 


2 2 


a -j  CO  to. 

toi  O cr  </)  (2 

ff  H-  to.  to-'  C 

» 2 -J  ft- 

O Z'  _i  13  to 

a 2 ^ 2 c 

2 to 


to'  O — 


c 1 c X a 1 

2 1.  *-  ft  < 

•c  X ft-  tot 

ft-  *-*  L,  Q C . 

to  »«  «j  O 

« o c c 

VI  to  ^ 2 • 


a .to.  w w ft 


X>  X'  fts  X I 
toi  ^ ^ . 

lS  n u h II  II 

a 


to  r to  V c 9* 

> V V in  c • 

to  in  in  X _j  tL 
cr  ft-  ft  to  X (N 
ft-  c.  a • V 
a ^ _J  -a  — Itoi 
C*  - to  X 


CO  ^ 

;►  c 

to.  3 

X 1 


N.  to  r;  ♦ a f\ 


13  aft-to,*-***-*-* 


o & 
r.  V 

Ci  CM 


t/yXfts.ao 

totovtotototototo 

rt-cwr-r.  rv.ror.c\c 


V X X 
O iT  O'  X 

■ rg  rv,  Co  fN. 


0-  — »-  to.  . 


ft*,  to,  tft  % — • rg  ^ «T  ir.  % 
rrr<.  <<'<<<<< 

fvfv<Vif'<r'.rvn*n.n,  r\ 


ft  XO^— 

ft  to.«Cft^Kftvft-. 

f\  rv  <N*  Cw  n.  (V  f\ifx  f\<  fv  r\ft 


C3  i.1  IJ  iJ  I J i * ft.>  ft.,)  u u o 

xo!v*-rg^.  vr.  cftvo  cFi— xr..«o 
fk.ft.  oeto.  totfooftfaoccoocftOO'OC'C' 
roOftfNtfNjfMOftrNtrv  <\,rwCvCM«N(C\.f\(fvrvfvf\.rg<^ro 


j 


A0-A0*2  979  SHCFFIELD  UNIV  (CNOLANDJ  OCPT  OF  CHEMICAL  EN9INEERIN— ETC  F/6  2 
POLLUTANT  MINIMISATION  BY  BLUE  FLAME  STA6E0  COMBUSTION. (U) 

1977  D S PRIOR  AF-AFOSR-2682-74 


fSiZBia 

m 

111 

) 

✓ 

i. 

9-77 

OOC 


O 2 
_»  ^ 
I*,  a 


^ C4  X M 


2 T ^ 


2 r> 
o 

4 ui 

w.  > r> 
cr  ^ 
^ ^ 

•-  cr  > 


2 _J 
*-•  2 
Z >. 


!3  ^ 
C « 
sr  •-« 


_>  a •-•  • 


1/5 

(/> 


2 a Q r' 

a c»  *-  I j-  vJ 

« a c u.  a tr 

c*  JE  •-  a.  «*, 

2 *-  u-i  a 


, & * 
cv  ^ » 

. » 5J 


2 a 

^ u.  V.  C- 

■v  V cn  C 


. ^ ^ n •.< 

lOfVww 

— rw  ►- 
• 2 m 2 


« ^ ^ 2 2 


. «0  </?  X ^ 


^ M 

^ 3 — . 

2^2-^ 


• 25 

n n 


• tx  ^ • 

. • 5 « 

,r>  — ■ 


■*  lo  rw 


«C  2 

: 2 2 w 2 a 
— . r.  » 3 i z. 

a *-  o c t-  c. 

.a  a ^ to.  -j  oJ  2 

)X 

— • f\J  K> 


u<  o ►- 


2 •—  *-  2 

u.  a 3 

»-  c >. 

r cr  1 ^ 

o •-  o 
a 2 -i  1 
cr  ►-  < X 


i 2 

C — • 
_j  j a 
u.  c 

'S.  «/;  c 
y^  5 j 

* •«  a 

c.  a . 

tA.  a ^ 


'a  a-  — 
« & e. 
• s. 


3 
^ O 
3 2 
2 2 

2 

S.  *-« 
2 


Ck  3 *-> 
5 2 3 


2 -V 

c ^ a 

^ z u.  1 1 

**-  ^C'C.C. 

</5  a ^ e.  c 

^ _*  ^ 2 : 


•—  X w a > 


• 2 ^ 
• & • 3 

♦ 2 w 2 

^ 3 a • 

> 3 -v  >-  ^ >C 
2 rw 

• 2 2 3 *- 

<5  ►-.  «.0*- 

-'2  3 2*- 
*-2222 


< ^ C — • 
5 6.  to<  & 
— Z 
. iC  «o  » >o 


K O 

2 2 
O . 


'«  r;iic«»^r5i»*n; 


2 2 ►- 
• 3 2 

*-  CV  «-  3 
►-  w 40  w 

a.  tr 
X. 


2 CC  *-• 

3'  w s 
»-  X 
lO  C 2^ 
a 3 » 


« ^ 
w ir>  *s 

X 2 rv 

c.  ’C  ^ 


C O 2 
2 3^ 

a a a 
oca 
o o a: 


li  w 

^ ^ ^ »jj  a 
2 a ^ 2 

a x^^o.. 

C O w QJ  4J  ►-  o 
a;  O > *220. 


^ ^ V.  2 t»  ^ MU 


cv  < 


1^  *-«  •^2  2—* 


•-  3 oj  « 

1 w a 2 
u >-•— 
. 3 to  *“  2 

,2—22 


C 3 *-• 

2 c a 

2 X X 


i X m c.  *-• 


rr  C.  ^ ^ . 

•-  l5  — <\|  & • 


K5  3 - ^ • 

• ♦toiC. 

^ ^ 2 *-  * 

o a o o o a c 

*“•  X ta  X Lj  « ; 


«^r\j^«25x.to(Da^-<rsir5v2><£to9c>s^ 

fvc>.<\c^cvr<vf\c\fnr“r‘. 


^^JK)^25»o^^a{>5«fvr5v^rc^>.^Ec>*^^— CN.-'^^iT^to^^ar,  05— rg^ 

^ ^ ^ ^ if  2-.  lOwotf  r'<tf/ic«r><r'2to  x:^^c^*c.*c2;<^vtv^^^v 


^ir  orv  «o5  — cy 

fv^v»s.rs  K^rvOCK  CO 


h * 


2 ir 

* fN 
'T  — 
w * 

r O 
O 3 

lA  n 


2 to 
r _i 
W to 


C 
CU  X 


^ f\i  * ^ a ^ 

to?  « • '- 

C r — — • • 

e » to.  * — 5 

f 

n 2 to>  T V I 


s »-.  V 

' c 


to.  to  C 


«u.toXU.I»u»*C^**^^'f^  tMXXO 
A-  a ^ o ►-  tr  . ' > * o X o a o 


— . - (V 


u.  ^ 2 


2>  c:  « to-  - - . 

•-■2  *4 


• a X 3 <n 


O 2 - to  — 


<s  rw  c-  to 


— o 3 a c * 


. O <C  2 • 3 •— 


•-  MOW 


*_  — . 2 
4T  CNi  Og  ^ Q 

O W W 


•to  2 > — • 


«o»toOo  «.*-*->-~a 

a *-to’2-v,  • 
or>o«**ao—  X •oj 
acjz<  • «-^*togA-fNi*- 
C....>toa  ♦«  *X  •2  — 2 


. «r  5 f*.  5 r e. 

• I 2 X X 1 


. a r<. ' 


o o w 

3 3 to 

to  to  —• 


133  a>aaa 


►-  — -j 

a a < 

a ? o 


• a a u Q 2 

3 O C C^  C.  L' 


a a 
a a 
o c 

to  U 


^xc*5— rM2>— ^aojo 

V — — — -*rv.fvrgCvM 


^ 2.  <•.,  <r  o "»>  — 

4 / <.*<,<•...>• 


to)  C3  O 

» •">  « X «*  fv.  ff,  «x  r»  — ^ ^ 

•vfvto^.  ^xfKPsiA.CI.'XXa® 

•,  .r-  I*-,  ^ ^ rr  r^.  ^ fO 


' tr»  I X o f. 


<rti»p  — *fv^^trx^x.0  5—  x.-  .»- 

Jitf  0 00000000056  5fc^56  6. 


2*  X 5 X O 6 


I ^ ^ ^ ^ ^ 


. ^ ^ .-4  tt  a a 

Otta  c.  croco 

C.  -*  IOSu.U.1^ 
r>  ^ *r 


-a  ►-  a •-  C 2 
►-  o • •<  - a 
</)  > « ^ 

•-  jj  c a >«  *-  o 

2^  Kl  a C u«  2 

•—*-•-  U.  ^ Ct  uj 

cv  r>  ^ •- 


(CO'S  -*c\ir>^ 

€"i  it  if)  1^  g-  tt>  iC' 


r>  o 

g g- 

r-.  r. 


V «r.  <.<c«ccc<c 
m )T>  ir>  T>  gt  <ci  gi  g>  g' 


— z ^ 


• O V, 
IT,  — 


& 

ru 


«Ofv  — rwr»«ffr}«K^wOk<5i^<vr>^r>«rs.®ots»— <N<»^ 
<c<.«cfv^k.  rv.rv^>.fvr».p«>rs.^«ctc  (Ccrv  v <t,c.<cK^<2'^o>9> 

g-  g g g g g g g r gggggggggg  gggggggg 


• as 
^ (/> 


o o o o CJ  o 

^irc^sflCCkS  — <Vf^ 
COC^O^<^OSSS& 
r.  «««« 


a 

o 


(1-  -,  m~  • ~ V.  Tut  U 

X.  T« 

X ►-^  ►-.  ^ «»i 

• M • • • ^ ^ — t.’  2 • t/1 

- a&  « u.c»«  ^ 

m ^ ^ ^ ^ Cl  —•  :yi  1 

« (iu>  «a  ••IT. 

• aa  w*.  >>a.^aj(x  ^ 

« u.*-  •—►-icri.  «C3:n  *-  ^ 

• P-»  V>  *—  2 Xi  ^ *-  - >*  ^ 

u>  » 

•—  _IC 

u. 

P-  V ►-  20u.^>r-2^ 

_j*  ■«  r.  oa 

g ^ CX  wu-J.  «UJfS  — *i  — 

actf.  mC  p*  «n 

C<  •^•xw 

• ,*-i  ^-ir.  »» 

t * O • »*-  7 ■ • tr>  w • g g 

9 -«w. 

jac.-/  XU.*-*  *u.  — X 1* 

u u<  _<^^xu  • « (ft*-  ^ u<  a • 

tSM.»-^x  - i_/iu.aa 

.^1  C.  ••^ 

•■l-W  »iO«»  J»U 

2*r  H»  c. 

*.  •*-2X  U</:  C X,  g L z ^ 

ult/  a«-w  « 2(<rvi« 

• a-  » ••-  •.l•-•OV*2C•-•»•••C'►-• 

• .It,  ► f*  t • • •.'.  . — — 

• >-u.««>  • 

««2w  «..  «> 

*ux» 

« • - «*»«  • - . . X - 1 - • • . n 41  . 

>i«  «r.  •-a  ••»»«»»sr>« 

or*.  ••  ^ g 

C2  iT'*»*''*’x  ■*^ 

• •«  • - m » ^ r * 

p -.  ".  • ^ • • ft  <• 

' 111  - itt^r 

• .*.  a — j —.j.., 

...«*»■•>»■  -7  -► 

^ ^ ^ -m 

•“►i’/fcrj3aa*-io.>  - a;s»s» 

• t • I I tw.ifij't  o'.i.Q  »'»?  *»>a—u*-f 

c * ' ^ < c c^-  fv  % r.  ta  ' . r '^  « • c - up  -* 

U>>mUuUUUUU»--*  U.t..fc  >*teU-uau« 


< cv 

CJ  »- 

z r 


S V • • 

— fV  "X 

• - s s 

ft  — — 

^ fV  *-  w 

W M. 

) ^ * g z 

. ft  ^ c -•  % 

• <v  2 j ^ a. 

X-  T U X c 

U X X «/:  C 

►•  tT  «r  a _j 

^ 3 

► C-  Q • 

■ ^ Z «4  « «X 

c - u a ^ 

► - X X X W. 

liT  .•  M Z *■■ 

z i.  c r z 

. 14  4 j;*-« 

a 2 1 a a 

c c c.  a 

- u-  CJ  v.a  K 


f.  p 


X *.  X <i 


r>  »>• 

X* 


• K\t  • 


X 41  4 

*-  a Cj 
X to  v_> 


ft. 

a c. 

0 0 2 
fc-  _J  •-. 


ui  ui  <n 

a v:  o 

U W uu 

a a » 


IT  i|>  « 


«•  «»  </) 


u a o 


— « X ft 


*-•  o 


« ►-  s.  — 

C _/  ft.  4 


I ir  u * 


ifj  ^ u 


*-  rv  *- 

C • X5 


cx  a.  - 

Z X >• 

2 a 

*-  a. 

•-•  T X 
2 X 

r a-  ■« 

« a c 

• »-  -J  Ui 

« <r  u -1 


— I — oc 

» ^ ? tt  'W 


1 a c — 


c.  ft.  ft  p:  ft.  s 2 

^ xt  — 1 r r 1 4 


C « X c « »-  * 


O ft:  -i  C C ' 


X 

• a u 
c a 


o u n a 

. c X 2 


► f\,»“*-*-3  XX  — 
2 •■-•-*  *-ttcrcfc 

or  aaac»ooo 

O'C  > « «uuuO 


% X X'  p 

ft  • X u • 

^ -n  ft  *» 


•«  ft  ^ ft 


'7  2 XnX'f  r»  ^ —•l\i«'^ft  2>2 
<T  <T  C O t/  />  <7  <7  ft.  ' ft  ft.  ft. 

ftftftftftftftftfttf  « </2X2 


O OS-iCiOOC.7(_IW«-» 

xari>"  ^fv»*»ft2<ft‘<r<yi»-ft,p^ftr  x'p»2»*^.--»ftpw»^ft22fts«'os— cv**) 
-.  r r - »•  — — f^ft.(\r,fv.riocvrvf\'*-'''»*.  •''r-p‘p-p'*'>''ftftft  ft 

2X'X.  X 2 2.  X 22X22X22  222  Xt  222  22222  2.  2222  2 2222» 


J 


rv 

o rw 


o 

o* 


r>  o 
o o 


o 
o < 


^ o 
o o 


o a ^ 
^ u.  « 

• u.  > W 

w.  u.  u 


Z ri  ^ • 

w n ♦ a. 


— — ^ <, 

Cm  w w u.  « 

•*—  u.  u.  C 'V 

» 2 Z JS  < • 

O • • • — * 

Cm  vk  > 

. r.  u. 


• W - — • ~ S ^ u. 


a.  a 
c o 
o c 


<s  — 

• ^ C O 2J 
I 1*1  Ui  tkJ  ^ 

' ■ • « 

' w ^ (T>  . 


» Z 2 


<> 

or 


o o 

c o 


O Cl 

z z 

« < 

*•  Si 

o o 


n z — 


• z 


Cw 

Sr  W 

OC  N. 


w i ^ ^ 

a • w « ^ c 


r.  «*r  ’ 
x<  r tr  « j » 

♦ A c.  • ^ c 

-■  — D --  _J 

J ►-  -J  O ► u. 

M ./  _J  ^ ^ M 

r.  c — 

« o fcj  c;  •“  X 


t »(f»<Mii(^uu.u.^^<^rvu 


• U ~ * > 

W l»U.k4  •—I' 

«*  Z'  w u.  ii  «•  M a 


: iC  i_j  o 
> > 
a o o 


w w ^ ^ a:. 
*-  ► r c. 
z « H 


l/*/  Z Ik  U.  U 


u.  kk  u M •«  c 


— r a ^ 

ujaruvH>k.<wZujC<u>N*'^z 

~f\.  ►-  — *-  r*>t-l  3 > >-•-•*  >. 

• ♦zccr  ♦stfa«  u. 

»-ctr>*r  z*-»  ss»-^zzf\i  • n«-* 

►-  *-  tr  ►-._wfr  « --C-_>ii  M 

z ik/SOZ^  II  z iin»-^(kc^ 

COOM^Cr^OC^OU-lkOX  <0  4CW4 
CJO»-Z^'CJOC2W*^*>«C.S  j>  O CJ  ik.  •-•  o 


fSP»kk.n»- 

o '-aaac— w 


»C.  <J 
2 Ui 
a C3  r~. 

L.  a s 

• tk/  iT> 

* > ^ 

J Z • 

• c c? 

»-  o ^ 

z t • 

• z — 

►-  O 3 f>. 

w z z z 

•-#  a*-  — 

w C Z Z 
M s kk  Z • 


> « <r-  <1  •-  ^ « 


c w « 
o a ( 


■ z 

• c,  c — • 

. CJ  O X 


M « X kk  O 
M LyO  ►-•  C 


^ <« 


CM 


.v*'<\xi<9z>««s90kS»*<vx>«in«cwCDo>A««cvn^ziocsfloo>s*«rM^«r)CK.«o>s»>fM'n«gi«r».s)<>s«*«Oir>^ir.cc'SiO 
a.a«  a>ooc^oaao^^<>e  sssee>e.sss— <MCwts»<\ic\:rN»CMf\icv*\innx-,  »*Monx', 

*s.C>.rkrs.*>^Cv»s.K.fk.K.K.C..hs.O(L'iOO«CC!aD«Oa:>«daD(O0SAP«D«C«>cr<DIK>A«C.«tC>CA&CDCDCrflD«/«CaO«CO<C«ftC«.S'CdC«> 


f\t  -M 
— 4T 


t u 

O V 

z kj 
« z 

T » 

c m 
^ z 

u z; 

z £r  s 

« z « 

<a  • • 

-I  ^ -3 

« s ►-  ►- 

k-»  Cy  z k 

Z k »> 

%!*-«.  Z 

»-  C S kki 


s 

o 


Cw  a 
S k-  • 

-X  i — 

W u o 
a Kj  ■ 

^ ^ ^ 

(\  Cw  o 

» > Ij  ' 

k k a s Tb. 

k — ■ r>j  ' 

i — - k : 


Z • 3 (M 

— _J  O >w 

Z Z IT  l_> 

« • • O 

Q CM  k 

C C Z 


“1  O k ^ 
~5  t_  *-  X 
• •“»  Z k 


k-  ^ m 
-«  r*.  (I 
-*  CM  Z 


Z » 

3 - 

* O 

u.  r> 

=>  a 

fk  o 
O u. 

3 u.  *- 

k k z 

b 4k  X ^ 

Z I *- 
Z>  a i/i 

k k z 

bk  Cm  O 
U.  <4  O 


- CM 

r\j  r> 

o k 


- CM 
CM  k 
X & 


CM  « 
C CM 

O k 

- s 


c n 

fw  k 

1 s 

% (C 
» CM 
C k 

2 XI 


- 9 

->  tt 
O *• 

« k 

Iki  W 

H • 


O S 
CM  • 
2 « 


> - CM  -y 

^ C 

■ r -t  >. 

. IN,  1 tc 

. % n 

e - 
X -M  a 


kx  ^ z > • 


, T k t 

O’  •.  a j 
k CM  V,'  1 


. tr  c 


•t  4C  (Z.  a 


M n «t  ► w 

a z • ^ 4k 


XI  c 4k  Xk  . 


I X.  ^ u.  U 


■«  a z 

1 k k.  k- 

VJ  4/4  -t 

■k  a 

>k  V 


•X  f I 
4.r  ki  b 

a x a 


u-ku^z«r  k-*i 

ZZ  _i-r  CC»i*^ 


Z CM 
* ( 

X-  c : 


->  O xk  o 

►-  w k Ui 

z w kk  z -X.  o. 

k c s xk  zi  tn 


xk  : j X 1 


rj  c c c c c.  j 

JJ3  J3J  - — 


a 

' c a c C I 

I Mi  « O «^  < 


rt  •«  c >>  •-'  II 

> kk  > ►«  • 


' C « U C X 


a c-  •«  II 


II  _ u}  u k XI 
“3  u z » k-.  »k 

II  rf-  .fM*-*-  — fV 

zrMx-k-«k.^U#  k 

. *-k*ci  az  «• 
x>  k-z  xftinM 
xn-wOM  ^OO— CM 

zc  xMj»-«ai*.M>zz 

CM  — 


• k V ^ 

k ^ p:  — 

I • >. 

C ^ * C 


O • S M?  S ^ 
k ^ ks  Ok  (V  •«  S 

CP4  kVX-P.  k«k 

CM«  k «z  k^  — k 

kk  X.  Zl  Z «k)  4k  M II  II 

4«*M  k — . Z •-  ^ X- 

•-0*  kkK* 

Z -CM  »V>.«4f<‘  ■ 

II  k-a  4 X » 

— nu*-kfM  ' k. 

•kais^'vZiTbkOCJt' 
2 u a c.  > • cM*-dc-j: 

— CM  X) 


^ r-  < 4»  *,  * k'  *-  ft«M  k, 

^ w~*  ^ ^ ^ ^ n z n u II  « 
k-kowwwwtc  «Xk,  «- 
Iji  I>>>*30U>1  * « 


M « 

p>  e ► --I 

• • 3 

kJ  4J 


CM 


k<4z.**  «p-»rMx*Tj<<  ksx.<TP.k-CMX4^z  <4k4«'W^k-c\xk^z><>p4«op,»-^'*^^zicx.a'Op;  ..fvX'  o i^k-  CM  ix\  ^ g a> 

CoCMX.  r r.  CMx  «x-^^  k^Mo^^>r^4S'9k>k}nki^«a^zizZtf  zzzzc  !<<.<<.<  ■c<<,z<'CKKx»p4»*^x.x.isp4X4a4i  *«•«««< 

►.xp,k.  xPkK.Kx.  ►>ikr>,#KXv^p4p^ksx.x.r»r4Kik4^.k4»kfk*vx.r4ksx*Xx»p.KX.^sX»X.p..K4vfvPkKK.KC».x.ivK^^«.rv  tkfv  »k  »k  K.  K *s 


ERRATUM 


w 


• X S' 

W »- 

^ -0  C . 

^ a *» 
a c >*  c ' 
1 u.  ^ o < 


•s.  o •- 

• 2 0.  W 

••0^x1  V 

a o « o-x 

a ''x 

fsi  OO  O *-• 

u.  w w ro 

-^  *-  C5  s.  *- 

e.  o >-  X 2 

m«UjZ«-Z  »• 

a— a — -X 

»Sf  — 

>»,►- 

rv  • c-  >-  > — HI 

« •au;,r>Mrvnu&'^i 
e »x-a  — •r-'  ^ ^ *r>  • 

M ’—  a — ) w» 

a.  u-  c o c .x-wos  • 
)K.»^oc»>criC>o>-c 


w 3 

c ^ c <« 

ff  *-•  o *-  K, 

« w w ^ 

•-V  ffj  "V  • 

•-J  • ^ ^ <p 

» ^ S II-X  n m 

*-•  -a  • • •*» 

— • S K w 

4 •-  • s ro  ts 

♦ w o cc  c 

^ 4 lU  • X. 


• CS.  — — — C 

• nxx— '-'trx.'-'fff 

IR—  »-U(ZC'»;i&H 

:*^-;ar>  w-5» 

. u *-  ->  ->  Z w 

1 x.«-jc*c  wu.  wou.  s : 


a ^ 

*-  i 

^ z •-  ^ 

? •“  ►-  c z 

« 2 « «_>  • w 

» » »-«  tr  — ft. 

— ►-  » or  z ? ► 

;u^  ^oiiwu^i 

•Z/  ►'ffx  X«—  •nCT/IJi 

♦caj^  a.  ^ 

1^  •(Cx  «ni404<*->4 

«a  fow*-i 

)Zn  iih_xim  z 
■»cxox  X cm*-cuoi 
;o3ox  saa>^o*->oi 


<\fvcwCM<N*f\»cs.fMC>.'^»^.  »n»rr-.  K.  I 
, 09  £>9^0'00>000^^0^« 


. 9 e-  — fv  r>  ^ 

1 ^ ^ ^ ^ ^ ^ 

'9099999 


OK,0D9C»-f^*')^ir«K«.9f  — <M*»>^X«fv«,9R  — 
r-Z'irZ'ir-r'<x. 

999  9'990»9  9999  999999  9 999  9 9 9 9 9 


rs  r\  u. 

<.HX>->0C  3 

•«« 

r.<^^aauo  »»- 

• Cw  ^ II  M M H M II 

Jtu,*«zzzrr3 

->z.*.zzzzzz 


•I  ->  w *- 

w ✓ 

Ik  “ C' 


I 

O ' 

j z z z z z . 
a.  3 z 3 :r  _ : 


z z ^ »- 
W c O M 2S.' 
iz.  1 i »>  II  It  I 

> i i z »o  ►-  . 

X • c~  o r - ►-  k-»  * 

' *-«  o o » z •-•  I 


I • • ® X 

tt  » ^ C.  ►-.  w z 

I » •-•  _J  X • I •» 

aa  «xc^  «#c  — 

►-  •«  »-w#  C*  ►-  X ro 

• X ZX  3 ♦Wk-V)^ 

X zz  <1  ZF.  ca»*.» 

ix-'i^kk  »-T  *- 

— zou'iikj'">-ii^o^ 

X^»»«  «^_M3f»ll<—  XT 

I 3 X 

H U-••^Z 

«>«CC»0  oxc  «-0  0— 
lOOOOisjOF»-iJC,LJOCOtOO»-* 


. ••  r»*  »o  'j  z ♦ ►. 

> ( ^ ^ Z If  z 

It.  X « X X r X 


•.-OF.  -•fsjr^^z  <»r*sc09F.»  — ^w••I^g'^x►.X9R 
ZZ  <•  4 f < ITXX  Z XZ*'  F'F'>F>.^  fvFKKFoFsX 
xxo  xococxa.  a ix.xxxx'cxscrex'x.xx 


«»incFvX9e^><rw*o^zi<eKX9&>*'(MF^nr>xiF'>' 
«ff«  axtf  sa  tt9990999999F.  ^r.^vF.f.^.^  t 
XX  CL  CD  X XX  XX  XXCX  X X X X XX99999999* 


r' 


LJ  ►-  ® 
U,  ^ • 

X 

o — — 

II 

It  K) 

•<  V » 

►-  % «D 

o ^ ^ 


W N II 

)(«>•». 

S 

< * 

C c. 

c “*»  c: 


N X k ti  • 

^ — t>i  «r  •- 


' *-}  O 

» c 


5 5.  |T5  •-• 

» *-»  w 

u,  r>  ir 

, 

• A 2 

- « *-<  4 4 •>•  a 

* *-  *-  y I M3 

» ^ a a a , 
' C O O ►-  UJ 

t ■«  o k*.  u.  V a I 


X — 

► a **'  m 
o o 


TJ  » 
w Z ^ 

^ w >C 
ff  •-»  UJ 


^ o 
& « 

(V  ^ 
^ 5 
O CM 

a 

>v  U. 
fn  >. 
I a —I 
-a  C 
> ^ 
• -V  V 


' -J  ^ s • ^ 


< C •“  K 


. ^ ^ 5 B Ci 


• X 

Co  '-' 


r>»  u..  — • 


f • ^ ^ ' 


^ ^ e X 

•-«  fO  — — • 

^ ^ «ifj 

O »«..  * K.  • 5 « 

• c oc  — 

^ w w w S • X 


1 </■-  V V. 
C ? 2 ? 

3T  u.  U.  W 
& X 2 1 

3 ^ ( 

tn  c c o I 


« — w 

2 2 9 II  ♦- 

C C • M X UJ  -4 


3 Z W -»  X 

O •-  -J  u. 


X c X c 

•-•  a 4 jc  i» 

a o c y 

X u.  a u.  X 


IT  ♦ ♦ II  ^ 

lIHUwwwwU 
C^OJIOCC  OCUJI 

9 ^ 


r5 

^ S' 

UJ  s 

• •-  s 

3L  >« 


»-  u.  4 IT 


' X U.  ^ W W « 


Mi  ^ • 


r5  ^ ^ rs.  T*y 


' fs.  *-  X rf“. 


II  — ^ it.  c 

X 5t  • W O 

• X ^ o o rv  ♦ 

X HU  n ^ 

I M 5 M Jt 

. *- 

ir  II 


^ C M.  ^ c • 


C O O CJ  o ^ 
o o o Cl  c.  X 


— cMP^«mc^'^eD9%— <N**n^ir/<;rsce 
tf5«r^ir^iO'C4Cc<c«ctcCiCC«CP'^p^K.fs.is.K.psp>.K.rs.(xccflcac>«.a.aa,a990'0'0'99oo> 
S5SS&S&&5&S5SSS5&S«5SS555SSS5SSS>&SS5555S5S&SS 


0«  X ^ 


<r.  r> 

•-»  X /5 

o • '-' 

^ (T  Cl  4 a.  — I 

c;  H-  I 

V -I  f 

z X *-  w ^ uj 

• • a X c ! 

— ^ Z 3 S » • 

# 5 •-  « 

►-  X -*• 

a «_  w u 

U.  •-*  II  c < 

a »-'  »-  w 


^ — c 


^ XI 


•-•  # Of  *-» 


O • IT 
Ui  X n 
• X X 
^ »o 

3 5 • 

2 P.  5 


Z 4 w ^ 

• l~  « {C  3 


M *-  Ck.  ►- 


•-  -i  .m  X a 


,«cr.  p,  5 ►-'“' 


.O'—  •^_>»-5.  C^-K 


>—  ♦ I*  II 


z -t  r. 
C 4 i1 
ij  i>  X 


a c.  M 


Ci  Ui  ^.'  U.  II  C<  (I  ' 

o^-—  o — p-  o ►- 


wrsii 

k*j  5 tx.  c-  % V.*  lO  — — 5 I 

X*  •<»nox<naMi/5t:fc32 
• P.  • • O *-CLi  l.X'-KG  Sd*—  ♦i 

c—Cuj4  •a  • 

'50'-'Ci«  fc  *s  — J PI 

rr  3 u.  w z Z %-  »-•  9 If  S M _j 
MU.U.lCteC.CC<U.i30Mlia4C. 

CJOCJ—  2u.MXClClO 

5 S 


or  w o 2 '•^ 


X Q.  o a '« 

>«  « Cl  X 3 3 
HIM*-* 


i o — I 


►-  ►-  CJ  o 


— kT> 

e w 
CM 


S S ►-  CM 
<M  CM  2 ^ 

» w w « > 

: £ Cl  a « 

» » W5  2 — 

I ^ • (V 

. fC  — 

t CM  z>  i ^ 

S 5 2 4 
• CM  CM  X ^ 4 

w w C X • 
4 iC  z ►- 

2 C.  2 -M  • 

c.  •-•  5 ^ 


— »-.ocv5aa  — 19  — 


V V 


' a 2 CM  II 


H a u.  u.  o 2 :;^  • 


3 i X X 3 ► 


W z c — 


w w ^ 

— O'  ® 

O O *5 

cy  c 5 CM 

« • X ^ 

O — — — • 

^ CM  A <—  n s 

— W w K •-  « 

•-5  C 3 <1  ■-• 

II  4 r-  tX  W 

rr  C O o 


cr  c . a KUO 


o »>  o o o o 


a05—  CM^4Z5X5»ca.O'p.  — •CM'*i4io<''P‘<t05— <M^4Z.  <CP^«.05— fM^4IT'<JP'*0 

p^3c.craaa.3.ec.a  a ar  ooooooociooc  P-5  6.  se  p e — — — — — 

0<20*00‘000'cy000000c70000'005'»,  ‘55J45.55S5SP.  SSSS<^SPv5 


5 «CM«^MZ-X  Kit  O 
cmacmcmCMCmcm  ^ A cm*a<»^#a  r.  *n  fA 
CM  K K r,  r.  CM  % % r.  5 •.  5 5 5 % s 


f 


S fw 
Ol 


K.  «.  ^ 


S.  w 4F^ 


fy  O 

' O « - 

• -^<?rwkk.ou_ 

' <r  cv  w — • - 

. •-  y-  ^ M 2 

^ ►-  *- 

^ P~  ^ ^ 2 M 

II  UJ  £I  O W o ►- 

• X a i o > w ►- 

py  s ry 


o.  c 

y O 

& 

lO 

^ c 


^ :t  »c 


y ^ w <r 
•^  •-•  f-  UJ 

H W Z ►- 

*-•  a-  r-  « 

•»  C Q 
• « tr  ^ 

K — a -y  «. 


sr  O IT 

£ C (T  •-•  O 


U OC  — 


e JT  4ry 


y-  *-•  C 


or  * 4/5  w 


o <VI  -y  X 

M 5T  5C 

a w w It 


>-•  z 

• 4 

fv  »r  ^ a 


. » 

X ^ * CM 
« ^ e.  jf 
^ sc  • w 


y-’  ^ ^ 


0>  'y  (Z) 

« ^ 


« P-  PO  tt 


or  3C  y->  <V  lA.  y 


»>  ct  i~> 

u.  — u. 


' Q.  ^ y^  W C C a 


y'  (E  X •*•♦*- 


• O U.  c 

(U«-<ftNQ:aa:Q*yC  _jii  ii5cn 


• CN.  I — — t\  *“  I 


^ a:  SC  sr  SL  :( 


•«  C C C < 

U £>  C.O  S( 


*»wiiun 


! c o o o o o 


» s 

— a cv 

4 z 5c  •-  sc 
2 C Z,  y w « 

y a o tt 

— -I  Z •-»  II  p-i 

W c > e W ^ y. 

C LS  O O O O 


^ u.  • K5 


pp>  w -y  ^ ^ X C\i 

y X f\  <V  — w O ^ 

y*  «3C  5C««/>  ♦m 

— r-w  — w X ^y 

K5  XX  « CX 

y ♦pri 

— <y  y 

y-  ►-—  »aor^ 


— w a 


. y-  «—  X ►-  X »—  C. 

U.UX  7*-h«^^^ww 


♦I  sc  o p-*  ® 

p-'  • — — . t\  *P5  C.  W 

Kia  *-*/> 


aoocjcax»>^2 
y-wy-py*-**-*  **  Z 


d a c a o a * 


a »y  X py  X 

•-  *y  II  Z.  a yy  « 

a 

u.  •*>  C y-  a ; 

•—  y-”  4fs  II  u.  X 

u_  pn  X u.  • c 

*-y  Z II  It  » 

u.  N C IT  • 

»y  SC  O X C C C 

yy  r>  yy 


yy  y M ^ 


. „ - - O tt  _ _ 

y II  n ^ n a 

Ni  py.  w «-3  *-t  . 

c » I*.  y-  , 

y y (\  y *-i  o -y 
r a pp5  tt  w ^ y- : 
y •—  yy  M • 

- C y-  u.  C _*  * 

> C O C *-y  o .J  ( 


» (V  ^ ^ Xi  <5  K.  ® ' 
C « « ^ <C  <c  ‘ 


''9X5«K.«Da  S yyfV*^^  r5<0^ 

. py.  Psrs  K.PVX<X.XX-X«XX 


Xa^<y>OPPP1^in«K«D9Siyy><V 
ax<>a^aao'a-aaae.&e» 
yy*-*— — ' — — — — rwa  rv 


& e 


ir>  c ^«. 
e.  a fs 
cv  f\i  cv 


® ^ C — C\p  »o  ^ 

a a — — — — 

fvj  c\i  cv'  cv 


X « K.  eC  O'  SyyCVPP) 
— — — '•-^•“CwC^CS.Ci 
a<\jrg«\.rvo,rv.cor>iC^ 


p-  « 

c *- 

w O 

c.  o 
1^  ♦ 
♦ yy 
py  *5 
y-' 

w O 

o o 


♦ • 


-py  • U 


O tfS 
O W 

♦ o 

py  O 
CM  • 

O ^ 


P-*  • 

cv.  ^ 
y-  fw 


o ox 


O 

L3^ 


o XP  y 


^ cw  p-  or  ^ a 

— ♦ ^ i_  u- 

yp  py  I*.  X T ♦•  2 


y-  tr  py  IT 


yp  ^ H O a. 


py  U ■€ 


I IT  o-  yp  y-  7 ‘ 


a y-  U-  1 

o a 2 a a a 1, 

I CS  </*•  X 4/5  U»  (/5  c 


yy  Si 

s 


y Z 
PX  s ^ 

z>  r\.  s. 

z W yy 
yaw 
O C!  »- 
e X z 
y C 3 
tt  y C 
O py  SC 

X a • 
CS  CM  p-y 


yy  y 
•S  y p^ 
^ S ^ 


o e X 

X X z 

c c fS 

X py  y 

Cs  S »- 
X CM  p-y 
C y*  • 
y Z ^ 
tt  X Z 

a py  tt  . 

ys  Z 

►-CM  • ' 


s PS  y 
"«  y py 
W s S 
u.  ^ ^ 


c py  y 
■c  PS  py 

SP  • S 

X S -V 

X <«  w 


. w p-^  aj 

li.  X V 

» u.  yy  yp 

y y 4 


. -y  •-  ® 


, a ^ 

O tt  Up 

C U.  <Ai  » ^ 

„ ^ ^ K y 

->  tt  tt  X ^ 

p u.  u.  X -a  X 

^ X »•*—«-< 
,4ru.i/5  iiOyp^ 
_U-IIU^U»-Z  z 

py  y-  jf  •<«>->  a 

a C.  sr  V I p-  Z 

jv^»u>ypypar  Zy-*-o 

a y-a  uu  cc<iiu,z 
'.  U5«4.(/50«y>u.oic  ttui 


5T  X X I 
X O C I 
X a z ' 
C.  O I 


< #-.  s — 


py  y-  CM  *0 

o ♦ ♦ ♦ 


z » a ►-  p-  i 

Z z : 

M II 
y-  CM  I 
¥~  K I 

z z . 


3 •»!  a 1 ^ yp 


I *-P  |_>  tJ  c.  p-p 


yp  w o 
a X o 


•-.  *-«  py  O 

tt  tt  z 

py  Z py  ^ - 

9*ttyp«  'CM- 
Cy-CU,-*  <\XC_ 
• «n  yp-p  •socvo 
— acxtt  yO--C>y*fM 
HCM  — rvjpyuicpy  “ — 

Mpy>y.  wa  * Ht|y 

#y.yy  ^ »-pjrC<y'py« 

^pyCy-Cw^-l-  f\  y-  py 
-yZ^  p-»  y-  Ps 

v»XpUjC  Ifcp  JUtA  C-ypww 

^XttCa*y^ye>>> 


^ tt 
tt  yp 


r yy  tt  yp  yy 


— -y  w PE 


CM  • 

iT  — 


a yp  y - 


Z py  II  II  y 
py  OJ  tt  py  ^ U 
<M  ^ py 

Z y>  X.  yP  ^ Ps. 

c tt  o y-  yp  ^ 

l_>  * py  > > > I 


y y-  w py  »y  tt 
IX  yp  py 

o-  »r 

X tt  • ^ )C 

O y y 5C 

y yy  X -py  II 

' tt  CM  — M yy 

• fv  *y  w py  w 

- X.  K * 

p U.  *1  ^ tt 

. C •-  3 y-  *y 

• <«  »y  tt  ^ 

t i*,  a c o «5 

i tt  < 4A  o sc 


e p.  r.  c.  c -► 


pcv^^«t  'OPvtoa  s 


-yA.'pP*^«*'  0PS®ttSy-<M'^«<0O*S«C3»S  y«r<*^^in-£>P^Xtt  r.  — CM 
CMCVCMrN.CMrgfMCMC'/^r'iprporsfpsppj  pp)prr-, 


s^lfZSPsXttS 

^ XI  X-  1/  z Z'  z r z IT'  z <c 


J 


^ cv  ^ 

m r> 

^ Oi 

lO  — 

— m ’w  m <o  ^ 


®OS— •fV/0'vy>»Ofvccc?>B:-^f\)"^^iD'CK.aQo  i 
— ••^rvjIvCufsjcs.tNjfv.  cvcvcuK>^.  • 

nK»»or»^K>pnr'^KiK>F",  m»nr^»or‘, 


• a o a — rg  ^ 

I U.  II  « 

. It  ^ a cr  a 

- ^ a a *^  *->  *^ 

a ^ *-  w v«  w 

. ►-  w w » V jr 

w a «r  JK  It 

I a u.  u^  M N M 

ta.  o •-*  It  -J 


• r\i  ^ >c  fv 
^ ^ ^ ^ ^ 
I r)  fo  *n  m 


. i 2 ^ r\t 

- »— C^ll—  »VU.t^ 

••■.  <V^IT 

- ^ ~ t/“.  — •'.II  « 

itr  oi 

;>-0  CCS—-  *-—1  2 

■i  u‘  2 r^u.c^uc?cc*< 

aui  v^C'-c  ►••-ouoi 


^^^>.^^»^.^vrsKK^^^ot  a tfcca^cc 
rvrwr\i<vcv»c\.fvf\icvr\(fvf\if\irv.f'rs.r.f\.(\f\(cv 


I a ^ Q. 

a <v  <v  ♦ 
s.tric*- 
a (X  rw 
r*.  T 


» 3 c>  c 


(N  c ^ »-v  a 
X tv  V 4T 


«-  « o cr  C) 

•-S  <w  w > |7> 

— ■ « It  V « ^ 

w ^ (f  ^ 

It  V K-  ♦ & 

tt 
3t  S 
^ • 

♦ s. 

♦-*  « 
fs.  ^ 

%-  a 
X c.  ( 

I ■«  >»  I 

w ar  • 

• « a < 

- iX>  «-  j 

> • «r 

s I 


w c « 


w a rs<  « C 


<v 


a o 

♦ u 

z a. 

Q.  « 

♦ « 
I • 

o rv 
c.  ♦ 

♦ o 

O 4J 

tv  CL 


c a 


< • .3  ♦ ♦ 

c Uj  « ^ Ui 


^ tv 


(V 

Uj 

rw  a 


X ^ 
w>  X 
x.  •< 

$ 


<-<•  W « 4 


Z 4 X 


# » 


CV  3 
— < 3 
C t/j 

> ♦ 

• F 

Uj  • 

It  — 


»•  II  II  4 4 
cv  rv  X II  u cv 
XC  CXOML^H 
aaa3awcx>« 


V c • *- 
o o r-  *- 
L-  a . a 

CL  II  c c 

n rv  > !/’■> 
c o U H 
i_i  o c a : 
CL  o.  c a 


& (&. 

« ♦ o & & 

<\)  *—  «\i  CM  & 5. 

oruzx  — 
azaa 

cr^CLacsss^ 

ct  tr  ofMtv'v-'-*  — <0 

Cj  «w;ccm«»»^ 

>.  •—  « o a _j  _j  ijj  ^ 

tttf  »x 

ttC)  w|s.^S>—  '-''-'CM 

f cy^c  •«>ir.«r*  Z^w«  3 

C.IC’04  ytjCMi^— lXX_J*4<  4Xf4C»M-< 
C*-MII4Ql«-'a.-j44«Ji  II  N 

M CMCMHM  II  M «<M 

ocr  Z U.U.U.  — I _J  U.  C CM  3 

Ci^aa  CL4XX*— 4xx3  * < 


«X  — 

CM  «_>  — ■%  "X  O 

• T r ^ ^ 

• 4 4 o — ‘ CM  >» 

— I I S Z L5  '•> 

M c et>  ^ < • •« 

« 3 « « — o 
« 4 4 O X C5  * 

«-s  w w « 1 <w-  CM 

3 V >1.  » • 's 

< — ‘ ^ CM  4 — I 

• CM  4 X T ^ CM 

C,  3 X * • l->  U 

• ^■QtSt333CICXI« 
l♦•'^4^«>-44C(X3  ZCV^&^G 


^ » 

— 3 U.  X t — 

m • X » 

• ^ « ^3  a 
^ _J  CM  _»  4 * 
<r  4 3 4 w a 

• « 4 « « 4 

C CM  ♦ ♦ 

C 3 CM-  3 CM  2 

CM  ♦ Z ♦ 3 4 


* ^ • 3 a 


X CM  & 

C C I • 

o o o a a b 

• C n n M II  a « 


II  II  4 _J  ' 


• M w M O — 


CM  CM  n 
UJ  X 

4X4 


II  w M 

J O.  4 3 
U ^ M 


LJ  II  X O 


I II  II  H H II  n 

C — CM  — CM  1 K*_JU.1  u.  ISIC* 
3L3lJC>04  3 ^*-4*-«  301 


> 4 in  « 
. X X S 


»4irc  CM^4 


— «-^-,-^^^-.-CMfvcMCMrMCMCMCMCMCMfnr>nr)pnfOFrin»rr)4444444444if>irirtnx*®rirm)r®<c®4®4«c. 

4444444^4444444^444^44444444'M4444M444444444^44444V4^44M44444444'« 


b, 

^ O 
^ O'  & 
— c • 
• rs  s 

CM  o t 
^ M'S  « Sj  <C 


CM 


w o*  • o tt 
c « u.  ^ u. 


w »-  O 

— c 4-  rr  a ♦ 

• wk.  I'*  a 

— « o »->  « X 


a c 

« Uj  • 


4 U ^ ^ 
% ♦ K •-» 
Q ^ ^ 

^ ^ c •* 

ju  C. 
* U n 
w It  C* 
M 3 U.  w. 
UJ  •-• 


3 w ^ a 

i»-  ^ ar  a •-'  a 

j-  u ^ a 

n ^ y xwtrobva 

U ■—  u.  IICLX  M 

U <-  H 4«~  — • tt 

ciff--tt^-'“0 
M <—  a ►--^OT'-o^u. 
^ »^<^»-ccc 

M ^ tt  *-3  U.  II 

Outta  u.trc  c HO 

u.*-XC  t-XOCXC 


w w u.  X 


o.  H M CC  IL> 

H j-  --  n rr 


• tt  Or 
X u 
o o 


• CL 
CL  3 
C D 


• • & 4i  I 

J ^ X 4 ' 
It)  •£>  CM 

S.  — 

X ^ • 

' • I 

) • tt 

- iT  IT  — 

• — CMO- 

- w b 

) a lo  • 

:,  X 

b 

rv  CM 
*-  I m 
y • ' 

4 3.  CM  ' 


• V 

in  <o 
^ r> 

CM  tt 
ri  tt 
•n  CM 


• ••  <C  IS 


*r  • 

e CT 


- 1-  • tt 

> <tt  CM 

> I X 
’ fv  • — 
J *-  b •• 

a — — 
• X CM 
^ ^ K 
rv  X 


> CM  O b K5 

. b b 4 • 

• mm  • m 

> &.  ♦ ^ w-»  ^ 


m X CM  ^ ♦ 


& 4 •-•  < 

rs  b X I 
m m I 


4 3.  & CM 
4 3 b »-  »-  O 
• CM  •3X4mm*4M 


CM  b 
♦ LJ 
^ >e 


• tt  tt  c;  CM  IN. 
^ ^ — m $ ^ b CM 


*->  z z 
a •-•  a 

2 ^ C 
tt  O ui  Z 
U.  O tt  UJ 


: X > C 

* 2 CM 

• U.  4 X 


X CM 
:»  JN.  I 
CM  CM  i 
e.  fw  • 

» ^ • w ^ (\j  • 

« S'  u.  3 _J  L 


« -N  « a w 

CM  cr  -o  c cay 

•— rs.tt*''  ttC  fvujK  • ♦ 4 

ttumxa  cTu.  — « «c«-^w 

cc?4-^c  tt«  sc.  — sma 

ex  » N «n  ^ y 

CM  • K > uJ 

C X • II  It 

C »-  K X »-  rN 

It  tl  XX  II  M Xl-M  CM»-  M-^mw  — . 


w CM 
S ♦ 

cr  — CM 

♦ tt  — 

ns  s 

'-'X  tt 

b ♦ — t 

X — — -'N 

w ® m IS 

« w W V- 

C&  S b 

• tt  e cr 

CM  ♦ tt  ♦ 


w <S  ♦ 

cr  cs  tt  or  — * 

4 tt  ♦ ec  — 

O 4 — 


-4  0-  • 

► CM  X CM 


o s o <s 

tt  tt  a tt 


— m CM 


^ w w w w « « 

IIIOCOO  O—CMOZ 


c O 
• e>  X 


b •>-  II  «-  w . 

o o n c ^ y y { 

- cr  X ».  c>  o 4 4 < 


tt  a a (X  o . 

II  IC  N If  •X 
CM  m 4 X — — 
^ ^ -J  -J  II  '- 
_J  u. 


• • X It  3 a c 


C O CM 
CM  — o rs  z 
0 0 4 


— —30 


— c 

'-  t\  t\  CM  n H CM 

u.  X c . Z C IS!  3 . X 

*->0000340 


X Is 

o o 

CM  CM 


CM  m 
c o 

CM  — 


00--CMm4<  4J*»  XOO  — <M"04X'X*sX 
4irt  • • «C  /2<22i'4^44<'«yxxx 

•.  r-  m m • r-  i^,  m m 4>  ■'■  k.  m •'■.  m m — 


C30  — CMm4r»X»sXOP»—  fMK)4X<)^>.®00— OK,  4 
if.,a  aaaxxa  oooot,* 
4K;K>mmmmK  »*-,  «r  •-r'mmmmmmmK-fr 


XiXKXOC  — CMm4tt.  XlsXOCi 

ov/oaoe.  ot.  e*e»f  op.  r>o  — 

rn  n'-  *n^*n*U  4 4 4 4 4 4 4444 


j 


^ rw 


</3 

o > 

-•  cv  • 

• T 

tt  fw  O C 
rv  w w « 
^ t ^ H 
< •-.  O k 


O (Z 
* UJ 
X tr. 


►,  c a a ■ 


Ui  s 

r>  • V 

U.  fS 
Q.  "S  I 

^ W < •< 

^ UJ 
• q:  V a 
tOCO*- 
— to  (T  w:  I 


w 3 t Z J Z 


. ^ ^ II  lU 

r X • _j  *-5  » r. 
: w • c-  « 2 

_*  r c *-» 

3nz«— 
•-.OCT’ 

. a e o •-• 


2 Wi 
*-  3 
u. 

>-  Q.  _) 

•4  « Ui 

or  -• 

(X  u. 

^ tr  ^ a 
csi  w 

* a 

Is.  uj  c a 

ea  w «/5  (%  c 

• a ^ • (T 

c.  c c 1 r,  * 

<r.  -/c>  c --  ^ 4 

u.  « ►-  ♦ > 

H M *-H  < X « 

0-.  ^ fs. 

^ ^ « U-  o. 

« « If'  ^ If,  r«. 

c fv  < c. 


* 

O'  u (i^ 

Lfc.  - a 

«/>  u.  « 
■«  (X  ^ 


UJ  ti  cv  * 


tVi 

X 

C'  ry 

s. 


> _»  — ♦ ^ • 


« ^ 

o o 

'nr.-* 

C On  J 

■ * • — 

— y Ik 

U_  — ' CX  > 

• — 


O -c 
►“  tt  • 
^ 2t 

• • t 

w ® O, 

* OD 
C,  O ^ 


• <t  u.  <\  V X 


C\i*-X  i 1_*C. 

C C O O «*  II  » 
O -JO  _j  _i  _l  > 
cu.ou.u.u.ikt>>. 


• r c CN* 


a ^ 
> . < 

uJ  c; 


a ^■ 

^ fs  • 
X m 
rv  • — 
o s ^ 


« c 

•ik.  o . 

S'  « a •-»  *c  — o 


t_j  ♦ a -X  c? 


X Cy  < 

»v  tr. 

If  <*  <j  ^ 


HUM  tica  Hc  u-*" 

» X 51  a c a j 1^,  o II 


s c 

It  II 

— CNi 


ooc-o>*otf>cj>»€coa  X 


II  II 

*n 


c 

o 


^ -4  s O 

<£  ■♦  • C 

O Iv  Ui  — 

X 'V  c.  _J  • 

Os  &.  * • X, 

■C  ■ »«  ^ S,  fv 

w ^ Os  X ^ ^ 

^ I Cl  C-’  • r. 
E:Oite;'v»s^. 

»-o.c.  »ajrir  rr 

ca  oo-*-^ 

II  II  II  a II  <s^  M w a 2 

■rj>r^«<a-kkr**.  iicoc 

<COLSO*—  c— X ooc 


rs  I 
Oy  . 


e.  X 
X 


— r r 

n n o ^ s 

^ ^ ^ 3 

XX  X ^ O 
k-  S.^  W O kk»  Z 

X < cr  o a ui 


ov  X 
IT 

r ir 


o <5— o e— r>  <c  k.  ® o e;  — .fxj»n^iroosxos.*—  fvn^  r^«KXt>c.— <\<n^  mrosxca  c — <vr  ^ -r>  >o  os  ® 
1^.  ^^■^r'lTir-irr'ir-irririrC’rx.ccriC'cr.'COsOsMso^js.rsoshsK^.xxxaa  «■«  axxo-O'tao-c^^o-^ 

rrr‘r»r5irc>r>r>r>rr'tf'ir»f>ir<r>irir>*ror>if^iriDx-r‘.  r)«T>irinrf>ir>ir-i|->^if}j<-rf'yiri^r)jo,  icirr;ir*nr:r»«"ipirirr>r'ir/ir5ir^ 


X cn  ^ 


u.  a & 

z z <v  CD 

o ^ s — 

_J  fi.  X >-  s 

< rv  » z (V 

■►'-« 

z * -s  ^ ^ 
■*  C Ow  s » 

►-  J W ^ «. 

r*  u.  X ^ iM 

o z « •>  Id 

Z ^ Z X. 

• • *S  la  -J 
z -j  o a 
•-•  z • :x  • 
z-»s-  — 

• -->  rv  (V  o 
a.  ^ w 2 :d 
c — ® • _i 
o X *-  Q. 

a • ►-  • 


e.  s.  s.  » • ' 


- On  Z _»  V 


-J  z 
(a  Q =>  I 

Ik  • V 

Ci  ti  v>  ' 


n oa  ^ W 5, 

- ►-  jl  — z > »n 

: lO  z w k ^ w 

: ^ • 3 z a.  »- 

y _4  a -4  'v  •>.  •-• 

. N.  c •-  c <r.  z 

s tn  o >s  2 q:  3 


3 ►-  * n X 2 


C fv  'N  CM 

o C ' r,  1 o z 

0 2 • a A Q <a 

O O £ W W • I* 
U W IV  ^ ^ ^ ^ 


X " 2?  w w 

&IS  02  r.  (Z2xa 
• CM  c •-•  *n  M 
"o  * ►-  *n  ^ 


X X X X X X X 


* c » c 

a o X cj 


2 (T  45 
c —e  — w 
O X O X X 


— or 

e O'  ^ 
u.  u>  ' 
o-  a 


^ X X 
a -4  Z 2 

c o o c 
a a X 
a cd  X z 
3 r.  o c 
to  ^ o w 


4 *-«  3r  to  t 

a 4 Cl  '** 

X «-  X 

2 1-^- 

C Z c c- 

a ►-  3 a 

a rt  a i 

c a c c 

c X o O 4 


^ O'  a u,  j _i 


S.  ►-  : 

‘ O'  • 

— II  . 


M X tl  ♦ 4 


»r>  4 

> > 
-I  _j 
a X 

♦ 4 

cr  ^ 


n a 

X 

. fo  c 

w o 

z z . 

-J  » • 

Q ^ <• 


X -w  •-  *-. 


< X a o-  cx.  a cj  a. 


U.  Ik  *n 

Z Z 

• « a X 

• <C  <0  X (T 

• ^»-'Ca 

wi  tor.  4 « axocM 

3 OyCCZ  •'*' 

or  >.•«>>  It  ♦_!-»  — 

cy#-ate 

II  • <r  • a a « ii 

•-'njM44r.  — ^ 

^(M  (va'-^s«-o.r> 

wtd  _l  O O'  m — .s-s^s^fv.-—.  -J 

>3— »3«M  >>> 

• ‘ - -'C  — IJ-JO— 'C^  •• 

“ vcxxxo-axo 

CM 


H ^ M tr. 


: a c X a o o X 


> > 
_t  -I 

a X 

4 4 

a — 

o-  T 
It  II 

a — 


! 


— • • 

a II  to  3 
-I  z 

U.'  It  _ 4 * 

r>  ^ 2 u.  cs 
2 r 

*-  r ►*  n w 
0-—-2  0 0- 
Z 3 3 *4 

C 4 C _i  Z 
o *-  V X 3 


•r.  <T0-  --<M#04»rcovircon  — Oy' 

os<&xaX4.a  ixcTtn  *OOli' 


4 4 4 V St  4 


4 ^ M 5f 


4 4 4 4 


oc?ot>aaxc».p, 

45144  44r>«r.  r 


4 r ‘ 

X CL  o r.  .-. 

r r iT<  f 2* 


os.«“>oyK»4r'on.®o-ct  — r'}fn4ir'C0..«a‘tv:»-c\i'04r>t0 

5>«->-^>»»<^*->*.s^<^(M<V0.0vrvX-CMC\(Mf\0'.  » ^ >Oor^ 

irr'ifjrirrkrr'rr'if'iotf  r>r.  (rrrr'ir  2 ir2  z-rriort 


J 


r ^ ' 

[ 

O 

«-•  v« 

to 

tv  cv 

4- 

• V 

W •_>’ 

% 

D jr 

to  X 

2 • 

• o 

<c 

• i4« 

^ » 

a -J 

X 

«» 

w 

X Cl 

iS 

tv  -- 

cv 

u. 

o > 

3 

w rv 

to 

O Ci 

o 

> w 

tf) 

o 

2 2 

3 

• > 

w 

3 

« V, 

X 

*-*o 

3 

X • 

S to 

•M  » 

U. 

a u. 

O 2 

tv  »- 

3 

to  o 

_<  D 

o 

« 

X 3 

U.  3 

u< 

3 (V 

<-i 

2 2 

to 

> *— 

3 U 

• « 

0) 

• 4 

(V 

0»  2 

O — 

4 

3 

4 

X 3 

J S. 

a 

ui 

• 

2> 

X • 

4 CV 

P- 

tv  #-» 

w 

O w 

> 

w ^ 

3 

Z X 

c 

U-  tv 

B 

> 3 

• o 

4 

X -J 

3 w 

> 

4 

•-  -J 

c < 

»— 

o 


< cr  > o 


« w or 


(M  • 


^ • c s i 

2 rv  c : 

— 2 »w  2 I 

rg  u.  ? * 

*•  O Z>  • 2 . 

r>  • « c . 

w ^ u.  3 ^ 


u.  o 
a c uj 


a o 
c — 

O W 


are 
4 C 3 
d.  O 3 
> O 
«HO  2 C 
0 2*0^ 
a o c> 


C d </)  u. 

Lj  a c 
-J  c 

2 c a 

O 3 U Uri 

^ <1  B 

•>  2 di  X 

< C 3 2 


• •-•  *-  WJ 


a 3 

> 

(X  u.  or  ' 

»-  c I 
2 . 

M.  2.  «r  X 

M 2 M *- 

»-  n « 

2 3 3 3 
i*.  in  »/5  C 
2 2 d 


J -I  Jt  C *- 

: -I  3 •-• 

• ^ C 3 2 
. X i*.  :2 
i --*  *-  X 
2 u.  a uj 
^ 2 Z-  X 
u u k »- 


> II  M Ci 

a o 3 a ►-  . 

c > «/:  3 

o u a 1/5 

Z 2 1 X 


^ W IT 

o rsg  w 
^ - ^3 

W ^ U) 

ciO  ^ cv  • 

o cv.  w 
3 w 2 ^ 

• — O C\. 

^ t/>  « * 

& » ^iT 

eg  — 

w ^ cv  3 
& <V  w z> 

cr  w 2 a 

* s,  a 

2 w 2 

. O - » Z — 

• ^ «V 

«r  ^ ^ iO  •> 

2 (V  (V  2 <r 


I/)  u.  >- 
> 2 X 
• Da 
1 • • 
c u.  rw 

C a. 


U«  U. 

z >- 

u.  X 
a a 

'v  >.  • 
— f\j  ■ 

a a 


UJ  s.  *-  i 
% (V  «r  . 
(V  — •— 

X c z c 


. C V 

c ►- 

-J  2 


) •«  X 

I UJ  —• 

1 3 C 


U.  D.  X 3 : 

X S *-<  J C 

UJ  O UJ  I 

-•  fV/  ^ 


. UJ  4 3 

« > < < 

. — V a 
X >. 

• k k 
. X c o 
D X X > 
^ X X I 

c c o 
> > o o 


& a V o 
^ • >>  w 
• a *- 

S.  X O <« 

w c 3 

'-  > -J  c 

►-  _i  • a 

*-  a.  > 4 
2 V u > 
D X >-  U. 
V 3 U 

X < 2 _J 

• »-  a • ui 
•“  -j  a D 
2 a o u. 

. D "v  3 


a o 

X <J 


c o ^ 

O O O X 


rg  s. 

• • 

s.  ^ 

«-  X 

• o 

(/>  o 

s — » 

• < 


< iT  c 

*-  <r  i 

u.  U.  I 


S.  *•  • 
mud, 
• > 

IS  a • 

— ^ C K. 

& • O 2) 

e.  6.  — « ^ 

— «*-“>' 


■ s 
t > 

' o o 


r c a 
; -*  o 

• » o 


n *- 

O • (/) 

»-  & — 

& 

c o a 
e • o 
^ s w 
c&  e> 

• ir  G 

e ^ ■ c 

UJ  CM  X • 

• f «. 


& — ^ 


• •—  UJ  a.  D 


c u u. 
e »->  •"• 

& & 


cc  i»e2.^ei*- 

oc>-Nu^u.fia. 

WWC2'*'—  2-Jl 

UUOUUUuJu.) 


.7  w 

> U.  U i 

' *“3  »-  I 


• 3 

' ^ C 

ff  3 


< ^ 
M II 
t D 

Z X 


• fu 


— e »»•.  G 

♦ G 

X ^ 

a o « • 

. • ^ X 
II  <V  • ^ X 


u a R 


3 2 
U UJ 


II  X 

►-  X X I 

> a a ' 


4_}OkXO«_»VJOU>0000  O CJ 

<o^x95»N<v>^^<n«K.a)^G^<\ir>^tf>c>K.aios— •<vr>-«r>«o»s.QDo>s^(N.r)-9' 
Vtr.  ^'C«<'X«.<c<'C<rs»sK.pvr>^f»^»v»'^tvK.cciiCK:cca.«V3^xcro‘0'30'3'O^Qt30G&G&F>' 
C < <C<C'C0<0«^<C«*C  «C>C^C>«>-CC'C<COC<0<0X3  <C<C  <CO«C  «C<C«  C«COC  <C<C«^  K.  K rv. ' 


)«^>.cDO  ^rvK)^ir>c>K.fl09> 
. Ga.s  a 


• jr 
D Ifc 

2 • 


X to  • 
C 2 
_J  D * 
U.  3 ( 
2 Z 


(/} 


< lO 

_j  a > 

D — • 

o • r>*  1 

3 S • O 

in  r . c e 

Cl 

u« 

3 •-•  « Uj  O 

2 C D • 
Z D ^ u.  X 


Cl  ^ • 

X ^ S hw 

X 4 CV  • 

• o w pn 

•-  2 X • 

> • c eg 

4 ►“  J S 

0 2^ 

2 2 • 

UJ  • • 4 

o 2 _j  n 

• •-•  2 <U 

^ 2 • S 

s % ^ • cn 

CU  3 « G 3 

W o »•  • o 

O C 5.  *- 


• 0^4 

*>  c *o  u. 

fs 

Cl 

S<  e 3 2 

• ,*J 

ru  »-• 

»-  u.  o o 

CO  2 • •-< 

*-•  • to  u. 


■V  cr.  C «-• 

O.  J -ICO 


2 c 4 u a 

D —»  > X 4 ^ to 


•—  Xu.' 


2 ^ k 2 


C 2 

a ►- 

X 3 


r.  ry 

« C>  '/5  4 2>  O 

3 U f 

2 • 

»-  bt.  II  II  M 

4 Y ^ rv,  u. 

O t/5  >■  V UJ 


X K 

o •-• 

J 2 

U.  D 


a 

X 

3 UJ 


o u. 
2 1 
4 4 

o ►- 
u c 


u.  • 3 rv 
II  ^ •-•  Cj 


^ Co  • 


I •—  • • Fs.  clV•>-■ 

l < C ^ a 


Ui  XDtf"—  *-*-'-Ci- 

*xtO-^'wX»'«33 


tOU^**-_l2X'  * to 


u a 2 u 

• ^ nn2Dnu 


»-  a *- 


r C It  O U II 

2 43no43‘n*X“> 

►-  ►-►“Ca^-^'33C3 


3 — n —> 

« • o o 

^ K « • 

c — O' 

II  « tv  ►«.•-•  -■- 

c • • • • 

•r  z % I?-  a 3 

• u.  n « 1^  rw 

T M ^ G. 

w ^ «n  ^ s. 

j K-,  « » r.  I 

C • (\  m 2 2 — I 

_ K tv  fv  :l  d 

U w II  II  c 

It  t fxaai- 

^ c,  c c to  a I 

-3  ^ Z « to  O 

e u.  u.  u X X e I 


»-  ® w- 

4 ^ 

as  »4 
fg  C 2 
2 »-  D 

O O V. 

*-  l~  O G 

¥»  O » 

4 C G 
_J  O 3 G 

D ^ G 

O -*  O — 


3 3 3 • 

• C O 

• c o ^ 


> C'  o •- 
2 2 2 
to  4 4 D 

4 • • « 

c — ^ 

2 e e 2 

■•  4 Uw  uJ  • 


X W cC  tv  V 

-J  — ® fs 

I uJ  Cl  t_  »-  ® • 

P-  > > — 

D Cl  cj  2 C 4 

a k 2 “ »o  • 

X.  W M II  I 

c u.  u ^ c — a 

I cj  3 e 3 a 


to  • 4.  o 

« — Cy  ►- 

CO  4 IV 

O p-'  « o 

« ^ — e 

s ^ >•  -' 

fV  ••  V ® • G> 

w >.  e.  • e: 

V • • tv  s; 

^ ♦ fM  • 

s tv  •-  4 V a 

• >•  4 ^ CV  • 
tv  4 <^  ^ >•  OJ 


. ® S. 
»v  ^ 


•-  ® • G 

u.  • « — 

V Cw  •-  • 

W W »-N  C-  S 

« V -«  • w « 

IV  3 — X » 

^ W V S 

•>7  p-  — # w u.  & 

3 a ck  v*  (V 

vcft  •Ol/j^-l 

a «vw 40<  ua 

w ^ U II  M w — w 

n^^rv<—u. 

r>x  k*.  ^ ^ u.  tt 


• ^ S 2 

— Q • O 
w w •-.  3 

« « H » 

-> 

e ax* 

« « a ^ 

tv  — tO/  n 

ae.3X/~ 

4 # w • a 

^ uj  V «*.  a 

^ e.  — — «/5 

• • A X 

ti  U — — • • 

I — irui»  4G*-*c 
i4  « P-  ^ a^—Z 

a c*—  u-C'4_-.*“'{T 

2 t>-  u.  w-  II  II  II  ►-  D 

'If  M II  a — * 2 ►*«  »-  I 

a c-*-*  — -^>o2u,. 

>XeuX043D3« 
® G cv 


O o AJ 

r>  e\it^ 

<r  z. 
r < 


4C.  4.  ec 
r *v  R.  r <%  (V  r. 
^ ^ c 


3 ^ — <\i  m 

<•  <c  c c 


CJ  Cl  O Cl 
4 2>  C 
4?  2 <?  <5 


IV  — tv»n  •>  If , ^ Is  ® o tv  — 
— — fvtvcvrtfvcvfvtvtv  tvm^, 
O^'C'C-C’C'O^  <<c«<c<c< 


f\j*n^  X'  4‘.  ^ •—  tv  m 4 If; 

4“  fO;  fr  K5  4“.  4 4 4 4 4 4 4 4 

X <C04»C 


XO  K—  fV*n44^'C.  »v 
4 V 2 X-  X ^ « 2'  ^ 

iC’OCdC.'OO'CC'O 


Q 3 « 

4T  “ Q 

n ^ z c 

U Q. 

^ z a 
— o m > 
ifi  KJ  z %tJ 


Co  — o 

•-  >-  X >• 

*“  O CL  O 


a »-  a 

IT  z tr^ 

: X ~ <c  a 

• •€>.«%  • 

• •-  a.  j r-  •-  a 

I C — C — t2  C, 

• c . • c 

3 O H C Z‘  II 

z »“  X •-  Z X 

W 1 W X 

u.  O C O *4.  C 

: — d C O •-•  O 

i CV. 

& 6.  S 

S — 


a «4. 
c a 

to  u* 


• r>  <v  o> 


— z ^ w ^ 

w »_  w o Urf 


♦ ^ ^ ^ 
uj  rw  • ►- 


— c ' 


• V ^ u. 
»-»  • ^ a 

• •*>  6/  if.  ^ 


G s a or  ^ 

e c.  ^ CN 

»-  « « « «. 

w ro  ^ ^ ^ 

« M ^ M 

r«*  CM 


tn  -3  u.  — ' 

w *f:  w 3 w i/i  I 

<R  > ^ IT.  G n 

N C N ^ H • 


an*—  ^ w V-  w 


todtrorxCr  xjrsi  , 


Z fv  w ^ 

•-•  S ^ CC  « ^ • 

»~  & « ^ & 

« & «M  • « 

CM  —S'-  *0  — 

c • ♦ — « « 

3 O — ^ C « G 

CL  *-  V o — z; 

• <&  ->  « o — 

3 C .wZe>Zw-. 

a d — c^z»-'0«-' 

S 3—  -• 

• SIS 

.'“‘Crs  p-  *C:S' 

CM  > S *-  — 3tt03'-'V  • & 

"->  $ (\t  .iiwCM  • — U.  — S 
'-®w  **j*^k4,  wS«a  ^-'5S 

> fs<«w  d aru'— '4u*n—  • 

istf".  •SM<—  nMM«>-c:s 

• S—  >—  a.  M»“CM-3W^..*^*LW,*.^ 

IN  linnc— 

'XCa.'3aj3lkCOC<  > I a u.  — 
«>CL4ktL«—  COO^OOikl^O 

«f)  s 


a — — > 

C ^ 

• V *«-  — 


W w > s 

c.z«~cs 

SX  X*^  •‘Slf>'-w« 

SU.I*.— •^cKcrz 

CMM'-Z'^S—  >>14. 

^«C*-A  •«• 

CT>— 

Z'-.-J'-w  WWW 


c cr  «4.  X 

' o > a u« 


— rv«r^m«*s.X/0‘’S  — r^^^ir><orv«o>s<—cMX)^irs«»s«o-s— >fM^^r>«KS-os  — 

« c </  «.  K <r  a.  a a 0‘0>90'(ao>c<0'0>0'  & s & s c ss&ss  — — — — — — — — — — cmcm  fv  f\<  rw  cw  cm  rv  rv.  c'.  ^ »r  *o  i 

rs.*vrs.^^K.fs.K.*v^^.r>«rv^.^^rvK.»'.*'^^r'.eDcca>ca/X««'  «/o,c.««;ccca>ccci«iac>C(C  sc>«.c^SKftxeLC(rxx«i 


IC  G 

♦ & 

s rs. 


2 — — 


— I w 

♦ a — 
z « — 

Z ■V  « 


SC  « 3 (L  « 
• a S (L  Z O a 
r a £ o •-*  — a 
z » »>•  z M 


K « s c^ 


i»  o • 

w « 2 < II  M > n *—  : 


i o z to 

• z _j  4 cr 

Uk.  o o ■< 

' C > O H 


w O 


— U.  — C.  w 

(M  « *-3  « C 

• S w w •-  « 

— • C _J  3 ^ 

H CM  « UJ  ti.  Cm 

— z ft  a z>  r 

W -^  > > • • ^ 

« «-*  n 

r II 
ir  ^ 


o cr 

U. 

Vi  z 
cc  — 


• G JK  — a 


•l  a aj  a 

I — w w > ta  uj 

3 CM  to  C.  n II  M 

— a •no«*»— ■«-* 

z — M 3 *3  • ••  «• 

z • Z z z I 


« >4  te>  u.  X cir 

ioot4<»-  a.  uj— •o  — o> 


u n c G z s M 

— . ^ M M •—  «U- 

e a 

W w -3  Z N — 

»*J  <1  w w O ^ 

a > > lo  Cl  u.  »- 


s — 

S G 
• — C 

G « *- 


c\  tr.  a r*.  if.  a a o 

Man  Nzstrio 


z Z or  a or 


G X 
i G MJ  4 

: ir  3 a 


u.  ->  r «r. 


z •—•  ►• 


4 UJ  Z • Z 

* 1 ^ — z 

— Z N Z 


»-  o a rs.  G O'  o 


« e G n >■  if- 


• u.O'ZC>  Z f 


: cr  Z 

> to  u> 

Z 3 


Z W w 


a c to  c 


a o z z z 

au,j  coc 

>tku.odotr  u.»- 


GP.  a z n^on  ifv 


u z c t 


♦-  (t  O' 

u -.  a.  c. 

oJ  O Z N 

a II  G 
— c “» 
►-  3 c — 
»>  a c.  c 


u m 

->  -> 


r;sG  ^ •“  ® flC®  GGS 

'C  ® s 5^ 

•Z'r>zj  if>  «►'  GfvK. 

CJ  U 

f».  ^fvi»%«,z<r^.occys— — CM»o^z«c»v€t^rv  — CM«^-«mzG«,OG— — cMn^r.  <cg®og 

IMI\.f'CN,  IMCS.fMCMfMIM»^»^»>P’'OKr-i*“»r^^.  Ifz.  ifZiOrf  rzz<«<.zczz<.  >*ZKG^vrv^v4»,^^rv^.G«. 

Kfs.Pv.GrvP'  K G»SfsGfc..»vt'.K»s,fvPK,G*»  ►»KGK,KKG^.•^►s.KGG^s►.fNfs.GKGG^s.fs.^w►v^s^>•'^r^.^'^.G»<GK^s.G►vGK►. 


■ #• :» 


PLATE  1. 


FRONT  VIEW  OF  BURNER  RIG. 
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PLATE  4. 


GAS  ANALYSERS. 


CO^,CO  IRGAs  on  the  left, 
NO/NO^  CLA  to  the  right. 


PLATE  5.  BLUE  FLAME  BURNER  COMBUSTION  CHAMBER 

AND  COANDA  UNIT. 

Components  removed  after  tests  completed. 
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